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RDRP   Reversible deactivation radical polymerisation 
ROP   Ring-opening polymerisation 
SA   Supplementary activator 
SARA ATRP  Supplementary activator and reducing agent atom transfer radical 
   polymerisation 
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SBMA   [2-(methacryloyloxy)ethyl]dimethyl-(3-sulfopropyl)ammonium  
   hydroxide 
SEC   Size exclusion chromatography 
SET-LRP  Single electron transfer “living” radical polymerisation 
Tcp   Cloud point temperature 
Tg   Glass transition temperature 
Tm   Melting temperature 
TEA   Triethylamine 
TEM   Transmission electron microscopy 
TEMPO  2,2,6,6-tetramethylpiperydynyl-1-oxy 
TMM-RDRP  Transition-metal mediated reversible deactivation radical  
   polymerisation 
ToF   Time-of-flight 
TPMA   Tris(2-pyridylmethyl)amine 
TREN   Tris(2-aminoethyl) amine 
UV-Vis   Ultraviolet-visible  
VC   Vinyl chloride 
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Abstract 
 
The objective of this thesis is to explore the versatility of Cu(0)-mediated reversible 
deactivation radical polymerisation (RDRP) in organic and aqueous media, towards the 
design of functional telechelic polymers.  
The interest in telechelic macromolecules, i.e. “prepolymer capable of entering into further 
polymerisation or other reaction through its reactive end groups” arises from their use as 
chain extenders, precursors for block-, graft-copolymers and networks by reaction with 
appropriate reagents. The design of telechelic polymers has stemmed from the development 
of sophisticated polymerisation tools, to achieve good control over the polymer architecture, 
molecular weight distribution and perhaps more importantly, chain end fidelity.  
The limitations and potential of Cu(0)-mediated RDRP technique are tested towards 
different monomer moieties, solvents and chain end functionalities, with the ultimate goal to 
expand the scope of functional telechelic polymers. Firstly, the reactivity of the halide end 
groups is exploited to yield functional telechelic poly(acrylates) with α,ω-hydroxyl groups 
upon post polymerisation modifications. The macro-diols can be further reacted, via 
isocyanate end-capping or ring-opening polymerisation. Then, the versatility of the synthetic 
tool is further tested towards the design of thermo-responsive polymers in water. 
Acrylamides and acrylates can be copolymerised with good control over the molecular 
weight distributions and predominantly, chain end fidelity. The typically unwanted 
hydrolysis of the halide chain ends is further exploited to yield tailor-made diols. 
Subsequently, the scope of telechelic materials accessible is expanded by careful selection of 
monomer, ligand, copper source and solvent, yielding well-defined poly(methacrylates) in 
organic and aqueous media. In the end, the introduction of external halide salts in aqueous 
media is exploited to generate functional block copolymers with hydrophilic and/or 
zwitterionic methacrylates in aqueous media. 
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1.1.  Introduction 
 
The extensive use of polymeric materials has revolutionised well-known objects, such as 
bags, windows or clothing and gave birth to inaccessible materials for applications in 
electronics, biotechnology and nanotechnology. The development of such products would 
not be possible without extensive efforts to yield tailor-made macromolecules. Indeed, the 
ability to tune functionality and final properties of one material became accessible through 
the advances in synthetic polymer science.  
In this chapter, the focus is on the presentation of polymer synthesis, from conventional 
(free) radical polymerisation, to more sophisticated “living” polymerisation tools. Although 
a complete description of polymerisation processes would be appreciated, a presentation of 
key techniques involved in the design of telechelic polymers will be presented. A brief 
description of ionic polymerisation techniques will be given, whilst more details will be 
provided for radical polymerisation processes, as it is the main focus of the following 
investigations. Subsequently, the discussion will be aimed to the formation of telechelic 
macromolecules, in which the concept will be defined and the various applications detailed. 
An historical background will be provided on the development and exploitation of synthetic 
tolls in order to fully appreciate the objective of this work, utilising Cu(0)-mediated 
polymerisation processes.  
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1.2.  Polymerisation techniques  
 
1.2.1 Conventional (free) radical polymerisation 
 
Conventional (free) radical polymerisation (FRP) is one of the most widely exploited 
synthetic tools to yield polymeric materials. Since its early discovery in the 1930s by Flory,
1
 
this technique has been utilised, thanks to its simplicity and tolerance to various monomers 
and trace impurities, allowing mass-production with relative ease. Conventional radical 
polymerisation can be conducted in bulk at elevated temperature (up to 150°C) in organic or 
aqueous media. Moreover, heterogeneous processes such as suspension and emulsion 
polymerisation, are tolerant to the use of FRP, providing access to several polymers, such as 
polystyrene (PS), polyvinylchloride (PVC), polyvinyl alcohol (PVA), poly(meth)acrylics, 
polyacrylamide and many more. However, the high rates of reactions occurring in FRP often 
lead to poor molar mass control, moderately high dispersity values and little control over the 
polymer architecture.
2
  
FRP can be viewed as a chain reaction involving three distinctive events, the first of which 
being the initiation, whereby a decomposable initiator specie generates a radical which 
subsequently adds to a monomer. The second stage is propagation, whereby a propagating 
radical will react with a monomer adduct, generating another propagating chain. 
Subsequently, the growing polymer chain terminates, becoming “dead” via two common 
routes, combination and disproportionation. A growing polymer chain can also terminate via 
side reactions, i.e. chain transfer to monomer, polymer, or solvent. 
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Figure 1.1. Initiation step and rate equations in conventional (free) radical 
polymerisation, where I2 is the initiator, M the monomer, kd and ki the decomposition 
and initiation rate constants respectively, f the initiator efficiency. Ri is the rate of 
initiation and kp the propagation rate constant.  
 
Initiator decomposition can be triggered by thermolysis, photo-irradiation or redox 
chemistry depending on the process involved. Common initiators are azo or peroxide 
reagents, including 2,2’-azobis(2-methylproprionitrile) (AIBN) or dibenzoyl peroxide 
(BPO), generating carbon centred radicals with release of N2 and primary oxygen centred 
radicals respectively. Those primary radicals (I
•
) can react with the vinyl bond of the 
monomer (M), yielding an initiating radical that can undergo propagation (figure 1.1.). 
Although the tail addition of a primary radical to a monomer is usually favoured, head 
addition and subsequent rearrangements or loss of the initiating radical (i.e. β-scission, 
rearrangement, abstraction, reaction with solvents, termination) can occur, yielding 
undesired initiating species.
3
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Figure 1.2. Propagation step and rate equations in conventional (free) radical 
polymerisation, where Pn
•
 is a propagating polymer chain, M the monomer and kp the 
propagation rate constant.  
 
Propagation results from the reaction between a growing polymer chain (Pn
•
) with a 
monomer (M), rapidly yielding a propagating radical (figure 1.2.). The rate constant at 
which this sequential addition occurs is defined as kp, typically in the 10
2
-10
4
 L.mol
-1
s
-1
 and 
is influenced by the nature of the monomer and the conditions employed (e.g. temperature, 
monomer concentration).
4, 5
 However, the evaluation of the rate of polymerisation (Rp) is 
difficult, due to the time dependence of [M] and [Pn
•
]. Hence, a steady-state assumption is 
postulated, in which [Pn
•
] increases dramatically at the early stage of the polymerisation to 
further reach a plateau value and remain unchanged. Continuous addition of monomer onto a 
radical will occur until full monomer consumption or side reaction events.  
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Figure 1.3. Termination reactions and rate equations in conventional (free) radical 
polymerisation. Pn
•
 and Pm
•
 are growing polymer chains with n and m units respectively, 
Pn= is a double bond terminated polymer chain, Pn-H is a hydrogen terminated polymer 
chain, T is a chain transfer agent. ktc is the termination by combination rate constant, ktd 
the termination by disproportionation rate constant and ktr the termination by chain 
transfer rate constant.  
 
Cessation of the propagation events will occur throughout the polymerisation, yielding 
“dead” polymer chains, i.e. unable to take part in further propagation, via two main routes; 
combination and disproportionation (figure 1.3.). The first results from the reaction between 
two growing polymer chains (Pn
•
 and Pm
•), forming a “dead” polymer chain (Pn+m) with an 
increased molar mass. The second route results from a hydrogen transfer from a growing 
polymer chain (Pn
•
) onto another polymer chain (Pm
•), yielding two separate “dead” chains, 
one being ω-vinyl terminated and the other being ω-H terminated. The selectivity between 
combination and disproportionation is influenced by the nature of the monomer, and could 
be generalised as vinyl monomers (e.g., styrene, vinyl chloride) predominantly yield to 
termination by combination
6
 whereas α-methylvinyl monomers (e.g. methyl methacrylate) 
favour a certain extent of disproportionation.
7
 
8
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Figure 1.4. Chain transfer and reinitiation events with associated rates. T is a chain 
transfer agent, M a monomer, I2 the initiator, Pn
•
 a propagating polymer chain. ktrT, ktrI 
and ktrM are the chain transfer by chain transfer agent, initiator and monomer rate 
constants, respectively. kiT, ki, kiM are the re-initiation by chain transfer agent, initiator 
and monomer rate constants, respectively.  
 
Side reactions, namely chain transfer, can occur between a propagating radical and a non-
radical substrate, i.e. monomer (chain transfer to monomer), initiator (chain transfer to 
initiator), solvent (chain transfer to solvent) or chain transfer agent (CTA).
9
 CTAs are 
intentionally added to the reaction mixture in order to moderate the molecular weight (MW) 
of the final polymer, ideally via a rapid break of a weak bond (typically hydrogen-sulphur). 
Further details on the importance of chain transfer will be provided in sections 1.2.2, 1.2.6.3 
and 1.3.3.4.  
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1.2.2 Catalytic chain transfer polymerisation (CCTP) 
 
Catalytic chain transfer polymerisation (CCTP) is a conventional FRP with a cobalt based 
complex chain transfer agent which typically yields low molecular weight polymers bearing 
a ω-unsaturated carbon-carbon double bond.10-13 One of the most advantageous features of 
CCTP is the high chain transfer constant (Ctr) of the cobalt based catalysts, which lowers the 
quantity of CTA employed dramatically.
14
 Moreover, CCTP can be conducted in bulk or in 
emulsion, with similar degree of control over the MW of the final polymer.
15
 The reduction 
of MW compared to a free radical process is mediated by the rapid and reversible 
combination of the Co
II
 complex (e.g. cobalt porphyrins, cobalt cobaloximes) with a 
propagating radical, or alternatively via disproportionation. The resulting alkyl Co
III
 complex 
can eliminate the Co
III
 hydride to yield a macromonomer bearing an ω-unsaturated carbon-
carbon double bond. The Co
III
 hydride can reinitiate polymerisation via H-abstraction to 
monomer, hence generating a propagating radical whilst regenerating the Co
II
 complex 
(figure 1.5).
16
  
 
Figure 1.5. Catalytic cycle involved in catalytic chain transfer polymerisation for 
methacrylic monomer moieties. The cobalt(II) dimethylglyoxime-difluoroboryl 
complex (CoBF) is an example of cobalt(II) cobaloxime complex.  
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CCTP is mainly conducted for the polymerisation of methacrylic moieties, as acrylic 
monomers generate a less stable propagating radical, thus allowing the formation of a stable 
C-Co
III
 bond which subsequently leads to undesired termination and/or branching.
10
 The use 
of methacrylic monomers has been exploited to generated dimers, trimers and 
macromonomers with predictable molecular weights (see sections 1.2.6.3 and 1.3.3.4).
11,17
  
 
1.2.3 Anionic polymerisation 
 
Conventional (free) radical polymerisation presents undeniable advantages, though the 
unavoidable presence of termination events affects dramatically the control over the 
polymerisation, namely relatively high dispersity values. Partly in order to circumvent the 
issues arising from a radical process, anionic polymerisation was developed, whereby a 
propagating species is anionic.
18
 The propagating anionic centres are not able to be involved 
in termination events, as transfer to positive species (e.g. proton) does not occur in aprotic 
solvents, whilst combination is disfavoured due to electrostatic repulsion. Consequently, 
termination by combination and/or disproportionation (commonly seen in FRP) is avoided 
under carefully selected conditions, maximising the lifetime of propagation events until 
complete monomer consumption. The propagating chain is referred to as “living” (see 
section 1.2.6. for further details), as propagation will continue unless termination is triggered 
by addition of an external polar reagent, or by the presence of trace impurities (figure 1.6).
19
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Figure 1.6. “Living” anionic polymerisation of styrene with n-butyl lithium as the 
initiator. 
 
This technique has been widely exploited for the synthesis of well-defined polystyrene with 
predictable molecular weights and narrow molecular weight distributions (MWD). 
Nevertheless, the extensive purification of the reagents (e.g. initiator, monomer), solvents, in 
addition to the low temperatures commonly employed (-78°C) make this technique less 
attractive for a cheap large scale production, albeit it still is a robust tool to yield well-
defined (co)polymers.  
 
1.2.4 Cationic polymerisation 
 
Cationic polymerisation presents interesting differences to its anionic counterpart, whereby 
Lewis acids are utilised as initiating species and a propagating cation is involved (figure 
1.7). Nevertheless, the unavoidable termination via β-proton transfer, combination with the 
counterion and/or chain transfer to polymer make the technique less attractive than its 
sibling.  
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Figure 1.7. Cationic polymerisation of isobutylene initiated by boron trifluoride.  
 
However, the development of “living” cationic polymerisation (see section 1.2.6) expanded 
the use of the technique, through careful selection of initiator, counterion (typically an ion 
salt) and other components (covalent esters or halides acting as dormant species, see section 
1.2.6.2).
20
 Cationic polymerisation offers a good alternative to FRP to polymerise 1,1-dialkyl 
olefins (e.g. isobutylene) and/or dienes (e.g. butadiene, isoprene).  
1.2.5 Group Transfer Polymerisation 
 
Anionic polymerisation presents undeniable advantages for the synthesis of well-defined 
polymers, albeit methacrylates (especially methyl methacrylate) still remained problematic 
due to undesirable addition of the anion to the carbonyl groups. In order to circumvent this, 
group transfer polymerisation (GTP) was introduced in 1983 by Webster et al. from DuPont 
central research laboratories,
21
 hence expanding the use of “ionic” polymerisation 
industrially. This robust technique is suitable for the polymerisation of (meth)acrylates in 
THF without the need for low temperatures (the polymerisation is typically conducted at 50-
80°C), whilst retaining good control over the MWD. In GTP, the initiator is a silyl ketene 
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acetyl (typically [1-methoxy-2-methyl-1-propenyl)-oxy] trimethylsilane, MTS) and requires 
the presence of either a hard nucleophile or a Lewis Acid catalyst to react with a monomer 
and undergo propagation.
22
  
 
 
Figure 1.8. Proposed mechanism of Group Transfer Polymerisation via an electrophilic 
(top) or nucleophilic pathway (bottom). R is a functional group on the silyl ketene 
acetal, Nu a nucleophile and W its counterion.  
 
Originally, GTP was believed to proceed via an associative mechanism, whereby the 
nucleophilic moiety would reversibly associate with the silicon atom. However, this was 
further contradicted by Quirk et al., by revealing the presence of ester enolates in both 
initiation and propagation steps.
23, 24
 This dissociative mechanism, in which the siloxane 
would dissociate, yields an anion which would initiate polymerisation. However, this would 
require lower polymerisation temperatures (which was not the case experimentally), as the 
presence of such anion would induce termination, as commonly seen in anionic 
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polymerisation of methacrylates. The heated debate over the “real” mechanism of GTP, 
however, not fully accepted, is believed to vary depending on the catalyst employed, as 
presented in figure 1.8.
25
 
Nevertheless, GTP requires similar purifications requirements for the reagents and solvent as 
standard ionic polymerisation, which has made the technique less attractive in recent years 
(see sections 1.2.6 and 1.3.3.2). 
 
1.2.6 Controlled/“Living” radical polymerisation, Reversible-deactivation 
radical polymerisation. 
 
Since Szwarc’s investigations in anionic polymerisation, the notion of a “living” polymer 
chain became attractive in order to yield macromolecules with predictable molecular weight 
(MW), relatively narrow distributions, high end-group(s) fidelity and controlled 
architectures. Innovative and undemanding synthetic tools had to be developed in order to 
overcome the intolerances associated with ionic processes. Thus, controlled/“living” radical 
polymerisation (CLRP) methods emerged, whereby the control is determined by a reversible 
activation/deactivation process, which is the case for TMM-LRP and NMP (see sections 
1.2.6.1 and 1.2.6.2) but not for RAFT (see section 1.2.6.3). A fast equilibrium exists 
between an active or transient macroradical (that can undergo propagation) and a dormant 
species or persistent radical (not involved in the propagation step), lowering the 
concentration of propagating radical, thus limiting the probability of termination events (via 
combination and/or disproportionation). The selectivity in the macroradical capping with 
external moieties is present in “living” processes mediated by a reversible deactivation (e.g. 
NMP and TMM-LRP), and is referred to as the persistent radical effect (PRE).
26
 The nature 
of the persistent radical moieties dictates the differences in the polymerisation process, as 
detailed in the following sections.  
Chapter 1.  Precise design of telechelic macromolecules: Historical background 
towards the use of Cu(0)-mediated radical polymerisation 
 
 
Alexandre Simula 14 
 
Due to the crucial balance between activation and deactivation events, allowing the polymer 
chains to grow at the same rate, such polymerisation process would preferentially be further 
referred to as a reversible deactivation radical polymerisation (RDRP) instead of CLRP. 
RDRP processes exhibit the same characteristics,
27
 namely: 
1/ Constant concentration of propagating radical, reciprocated by a linear evolution of 
Ln([M]/[M]0) as a function of reaction time. 
2/ Linear evolution of number average molecular weight (Mn) as a function of monomer 
conversion. The degree of polymerisation (DPn) is (pre)determined as the ratio between the 
monomer concentration and the initial initiator concentration. Noteworthy, the ratio between 
CTA and monomer is utilised to determine the DPn in RAFT polymerisation (see section 
1.2.6.3). 
3/ Minimum presence of termination events reciprocated in narrow molecular weight 
distributions (Mw/Mn, MWD, Ð) and high retention of the reactive chain end(s), thus 
allowing the formation of block copolymers via sequential addition of a second monomer 
aliquot.  
 
Early reports of “living” radical polymerisation include the use of iniferters, i.e. species that 
would allow the initiation, transfer and termination of a radical polymerisation, typically 
organic disulfides.
28
 Despite the unsatisfactory control in both the initiation and termination 
steps, leading to broadly distributed macromolecules, a large variety of monomers could be 
polymerised, paving the way to the development of more robust RDRP techniques.
29
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1.2.6.1 Nitroxide mediated polymerisation 
 
Among the plethora of RDRP techniques, one major advance in the field has been the 
development of nitroxide mediated radical polymerisation (NMP), exploiting the early 
investigations of Rizzardo et al. in 1985.
30
 The control over the polymerisation is obtained 
via a reversible degeneration of a dormant (macro)alkoxyamine, whereby a persistent 
nitroxide can reversibly cap a propagating (transient) radical (figure 1.9).
31
 Initial 
investigations exploited the efficient ability of 2,2,6,6-tertamethylpiperidynyl-1-oxy 
(TEMPO) to trap radical species to mediate the polymerisation of styrene.
32
 The 
alkoxyamine could be reversibly transformed to a propagating radical and a nitroxide at high 
temperatures (130°C) to successfully control the polymerisation with “living” 
characteristics.
33
  
 
Figure 1.9. Simplified mechanism of nitroxide mediated polymerisation, with Pn
•
 a 
propagating polymer chain and M a monomer. kact, kdeact kp and kt are respectively the 
activation, deactivation, polymerisation and termination rate constants.  
 
Several trapping agents, in addition to functional nitroxides,
34
 can be utilised to mediate 
NMP processes, such as verdazyl,
35
 arylazo(oxy),
36
 substituted triphenyls,
37
 and 
triazonilyn.
38
 NMP has proven to be tolerant to a variety of monomer moieties, namely 
styrene, acrylamides, (meth)acrylates and 4-vinylpyridine. Nevertheless, the level of control 
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over the final polymer would differ from one another, depending on the nature (and 
structure) of the initiator, monomer and persistent radical. Generally, styrene, acrylates and 
acrylamides yield well–defined polymers with narrow MWD,31 whilst partial control is 
achieved when utilising methacrylates.
39
  
 
1.2.6.2 Transition metal-mediated radical polymerisation 
 
Transition metal catalysts have been widely investigated in atom transfer radical addition 
between alkyl halides and vinyl moieties.
40, 41
 Interestingly, Sawamoto and Matyjaszewski in 
their investigations on “living” cationic polymerisation, independently exploited this 
reaction to yield well-defined polymers in 1995, utilising ruthenium
42
 and cuprous halide
43
 
based complexes respectively, opening the door to a new RDRP technique, transition metal-
mediated reversible deactivation radical polymerisation (TMM-RDRP). 
TMM-RDRP relies on the rapid redox process, whereby a halogen exchange occurs between 
an alkyl halide and the catalyst, allowing the reversible formation of a propagating radical 
(see section 1.2.6.2.1). The use of cuprous halides as catalyst has received more attention 
than ruthenium based catalysts and is commonly referred to as atom transfer radical 
polymerisation (ATRP). 
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1.2.6.2.1 Atom Transfer Radical Polymerisation 
 
In classical ATRP, a cuprous halide (Mt
n
-X, where X is Br or Cl) is mixed with a nitrogen 
based ligand (L), which could be σ-donor (e.g. N,N,N’,N’,N’’,N’’-hexamethyl-
[tris(aminoethyl)amine] [Me6-TREN], N,N,N’,N’’,N’’-pentamethyldiethylenetriamine 
[PMDETA], 1,1,4,7,10-hexamethyltriethylenetetramine [HMTETA]), π-acceptor (bipyridine 
[Bpy], pyridine-imines) or both (tris(2-pyridylmethyl)amine [TPMA]), yielding the 
transition-metal complex catalyst ([Mt
m
(L)X]).
44
 An alkyl halide or dormant polymer chain 
(Pn-X) can react with [Mt
m
(L)X] via a concerted inner-sphere electron transfer to reversibly 
yield a propagating radical (Pn
•
) and a deactivating complex ([Mt
m+1
(L)X]X), at higher 
oxidation state of the metal (figure 1.10). The equilibrium should favour the dormant state 
for the polymerisation to proceed with an enhanced control over the MWD (see section 
4.1.1). The polymer grows whilst in an active state by monomer addition to the propagating 
radical (Pn
•
) with an associated propagation rate constant (kp). Termination can occur in the 
form of bimolecular coupling and/or disproportionation, as commonly seen in FRP, with an 
associated termination rate constant (kt). However, the probability of termination events to 
occur is diminished by the efficiency of the deactivation process, via the use of persistent 
species, here being [Mt
m+1
(L)X]X.
45
  
 
Figure 1.10. Equilibrium in ATRP, where X is a halogen, Mt
m
 a transition metal at 
oxidation state m, L a ligand, M a monomer, Pn
•
 a propagating polymer chain. kp and kt 
are respectively the propagation and termination rate constants.  
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Although copper based catalyst received the most attention in the past decades, a number of 
other transition metals have been investigated to mediate ATRP, including molybdenum,
46
 
rhenium,
47
 iron,
48
 nickel
49
 and palladium.
50
 The tolerance of the ATRP process extends to a 
wide variety of monomers, i.e. (meth)acrylates,
43, 51, 52
 styrene and derivatives,
43, 53
 
(meth)acrylamides
54, 55
 and acrylonitrile.
56
 Additionally, ATRP can be conducted utilising 
different initiator moieties, such as halogenated alkanes,
42, 43
 benzylic halides,
57
 sulfonyl 
halides,
58, 59
 haloesters,
60
 halonitriles
56
 and haloketones
24
 which offer different initiator 
efficiency depending on the monomer employed, thus leading to various levels of control.
61, 
62
 These advantages make ATRP one of the most widely employed polymerisation protocols 
to yield well-defined polymers.  
However, some issues can emerge from the use of ATRP depending on the system 
employed, i.e. solvents (in aqueous medium for instance), copper/ligand catalysts and 
monomers; but this will be discussed in more detail below (see sections 1.2.6.2.2, 3.1.1, 
4.1.1 and 5.1). 
 
1.2.6.2.2 Evolution of ATRP, several derivatives 
 
Under standard conditions, the use of a significant amount of catalyst can interfere with the 
colour and/or toxicity of the final product if not purified accordingly, which makes the 
technique less suitable for certain applications.
63
 Moreover, some catalysts commonly used 
in ATRP do not enable the polymerisation of hydrophilic monomers in water or biologically 
relevant media, due to denaturation (e.g. disproportionation, introduction of water 
molecules).
64
 In order to lower the quantity of catalyst and offer a broader range of 
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applications to the (co)polymers made by ATRP, several derivatives have been introduced 
over the years.  
The activation/deactivation equilibrium existing in ATRP can be tuned utilising external 
stimuli, in order to favour one of the redox reactions. In the early stages of the development 
of “novel” ATRP systems, the transition metal complex would be added at the highest 
oxidation state and would be converted to [Mt
m
(L)X] upon reaction with a free radical 
initiator.
65, 66
 Nevertheless, the use of the more reactive complex in a reverse ATRP process 
would not mediate the synthesis of well-defined block copolymers or more advanced 
macromolecular structures. Consequently, supplementary reducing agents including zero-
valent metals were introduced to generate active species by electron transfer, hence paving 
the way to activators generated by electron transfer (AGET) ATRP.
67, 68
 This process would 
be the precursor to the development of activator regenerated by electron transfer (ARGET) 
and initiators for continuous activator regeneration (ICAR) ATRP.  
In ARGET ATRP, a small amount of catalyst is continuously regenerated via the 
introduction of low ppm of reducing agent, i.e. glucose,
69-71
 ascorbic acid,
72
 phenol,
73
 
hydrazine, phenylhydrazine,
70
 tin(II) 2-ethylhexanoate (Sn(Oct)2),
68
 excess of inexpensive 
ligands
74
 and nitrogen containing monomers.
75
 As such, the catalyst-induced side reactions 
and undesired retardation are diminished, hence allowing the preparation of high molecular 
weight copolymers with high retention of the halide chain end(s).
76
  
The regeneration of low ppm of copper catalyst can also be promoted by a continuous 
addition of an organic radical. The initiators for continuous activator regeneration (ICAR) 
ATRP
71
 process proved to be less popular than ARGET ATRP, as one of the main drawback 
of the external initiator is the generation of new, initiator-derived active chains (see section 
1.2.6.3). 
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The addition of zero-valent metals (Cu, Zn, Fe, Mg) to the catalytic system has been 
noticeably attractive,
67, 77, 78
 as the moieties can act as both supplementary activator and 
reducing agent, paving the way to SARA-ATRP.
79, 80
 Indeed, the metal promotes the 
reduction of the [Mt
m+1
(L)X]X deactivating complex, hence favouring a dormant state of the 
polymer chain. The use of SARA-ATRP proved to lower the overall reaction times and 
reduce the extent of termination, reciprocated in narrow MWD. 
In addition to chemical additives, the control over the activation/deactivation equilibrium 
can be mediated by electrical current (e-ATRP), whereby the generation of propagating 
radicals is temporally and spatially controlled. This interesting feature has been a major 
advance in ATRP polymerisation, as the synthesis of a polymer chain can be turned “on” 
and “off” as desired with good degree of control.81  
The external control can also be achieved by photo-irradiation (Photo-RDRP) with similar 
success. Light has been a widely investigated stimulus to mediate polymerisation as it offers 
a non-invasive temporal control over the process.
82
 The pioneering work in light-mediated 
ATRP systems from Yagci
83
, Hawker
84
 and co-workers, respectively using copper and 
iridium based complexes as catalysts, offered a strong background in the field.
85
 Light was 
further exploited by Haddleton and co-workers as an external stimuli to mediate the 
polymerisation of acrylates with unprecedented control over the MWD, α,ω-halide chain 
ends, whereby the catalyst is generated from an excited [Cu
II
(Me6-TREN)X]X complex in 
the presence of excess ligand.
86-90
 Initially, activation was thought to occur through an outer-
sphere single electron transfer (OSET), which was questioned in later reports, highlighting 
the complexity of the photo-RDRP process.
91
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1.2.6.2.3 Single-electron transfer living radical polymerisation 
 
The use of zero-valent metals in addition to the copper catalyst has proved to be extremely 
effective in improving the synthesis of well defined (co)polymers. However, since Percec 
reported the “living” radical polymerisation of vinyl chloride (VC) in aqueous medium, 
whilst exploiting the disproportionation of [Cu
I
(TREN)Cl] in water (TREN is tris(2-
aminoethyl)amine),
92
 followed in 2006 by the report on the “ultrafast” synthesis of 
“ultrahigh” molecular weight polymers;93 the use of Cu(0) (in the form of a wire or mesh)94-
96
 as the primary copper source, new doors opened in the development of materials with an 
excellent degree of control. Single electron transfer living radical polymerisation (SET-
LRP), enables the polymerisation at ambient temperatures and below of functional 
monomers, i.e. (meth)acrylates,
93, 97-104
 (meth)acrylamides,
105-108
 styrene,
109, 110
 acrylonitrile
111
 
and vinyl chloride
67, 93
 in polar solvents (e.g. DMSO, alcohols
95, 99, 112
 and water
105, 113
) in the 
presence of N-containing ligands. This Cu(0)-mediated polymerisation technique offers 
great advantages as it exhibits  near quantitative initiator efficiency,
114
 good control over the 
MWDs and unprecedented halide end-group fidelity at high monomer conversion.
115-118
 
Similarly as in ATRP, an equilibrium exists between dormant and active species. 
Nevertheless, the proposed activator is Cu(0) which acts as an electron donor and abstracts 
an halogen from an alkyl halide via a heterolytic outer-sphere electron transfer (OSET) 
process (figure 1.11).
119, 120
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Figure 1.11. Proposed mechanism of single electron transfer living radical 
polymerisation, adapted from references 93 and 119.  
 
The key equilibrium in the SET-LRP mechanism is the self-regulated disproportionation of 
[Cu
I
(L)X] generated upon activation/deactivation processes. The disproportionation in polar 
media generates “nascent” Cu(0) particles (acting as activating species) and accumulates 
[Cu
II
(L)X]X (acting as deactivating species). The choice of the aliphatic ligand (e.g. Me6-
TREN, PMDETA) as well as the polarity of the solvent plays a crucial role in the efficient 
disproportionation of [Cu
I
(L)X].
121, 122
 
The traditional use of Cu(0)-wire as the primary copper source offers advantageous features 
over Cu(0) powder or mesh, including the facile tuning of reaction rates and easy 
experimental setup, i.e. catalyst removal, preparation and recyclability.
94
 Moreover, Cu(0)-
wire offers greater control over the MWD compared to Cu(0)-mesh or powder.
123
 The 
robustness of the catalyst was tested in different solvents, though partial control was 
observed in aqueous medium (see sections 3.1.1 and 4.1).
113
 
Interestingly, a different approach to the use of traditional Cu(0)-wire allowed better control 
over the polymerisation in aqueous media (water,
107, 124, 125
 phosphate buffer,
107
 blood 
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serum
126
 and complex alcoholic mixtures
127
), by exploiting the rapid and quantitative 
disproportionation of [Cu
I
(L)X] into Cu(0) particles and [Cu
II
(L)X]X prior to initiator and 
monomer addition.  
 
Scheme 1.1. Schematic representation on how to conduct aqueous single electron 
transfer living radical polymerisation exploiting the pre-disproportionation of 
[Cu
I
(L)X] whereby X is an halogen and L a ligand (Me6-TREN, PMDETA). 
 
This provides a robust tool for the synthesis of functional hydrophilic monomers 
(acrylamides, acrylates) with controlled chain length and narrow distributions and 
circumvents some issues arising from ATRP processes in aqueous media (see sections 3.1 
and 5.1). The reactive halide chain end(s) can be retained within the time scale of 
polymerisation, even at full monomer conversion, in order to yield sophisticated multiblock 
copolymers.
128
 Further details on the use of a pre-disproportionation strategy will be 
provided in the following chapters.  
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1.2.6.2.4 SARA-ATRP vs. SET-LRP 
 
Cu(0)-mediated RDRP is a versatile technique to yield well-defined (co)polymers, with 
narrow MWD and excellent retention of the halide chain ends, even at high monomer 
conversion. However, the similarities in the nature of the reagents present in both SARA-
ATRP and SET-LRP has given rise to a heated debate over the “true” mechanism of Cu(0)-
mediated RDRP in DMSO and water (figure 1.12).
77, 121, 122, 129-138
 Several claims have been 
made by different research groups to “prove” the nature of the catalyst involved in the 
activation process (Cu(0) vs. [Cu
I
(L)X]), the mechanistic route in which the activation takes 
place (OSET vs. ISET), and the extent of disproportionation.  
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Figure 1.12. Proposed mechanisms of SARA-ATRP and SET-LRP, according to 
Matyjaszewski et al.
133
 Bold arrows indicate dominating reactions, thin solid arrows 
indicate contributing reactions and dashed arrows indicate reactions that have minimal 
contribution and can be neglected.
133
 kan and kdn are the rate constant of activation and 
deactivation respectively, involving a metal in the transitional state n (with n a integer). 
kdisp and kcomp are the rate constants of disproportionation and comproportionation 
respectively.  
 
Interestingly, the literature reports contradicting interpretations of the “real” mechanism 
(mainly due to tailored reaction conditions, hence favouring one side of the coin); albeit a 
portion of them (mimicking polymerisation conditions) are reliable and key pieces of data 
include,  
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1/ Disproportionation of [Cu
I
(L)X] in DMSO (L is Me6-TREN or PMDETA) is limited, and 
the remaining quantities of the complex present act in conjunction with activation by Cu(0)-
wire.
139
 Consequently, the claim of quantitative and instantaneous disproportionation of 
[Cu
I
(L)X] is compromised. 
2/ Activation of an alkyl halide by Cu(0) via an OSET mechanism is disfavoured compared 
to an ISET mechanism in solvents that disfavour disproportionation.
140
  
3/ Disproportionation of [Cu
I
(L)X] in water (L is Me6-TREN or PMDETA) is 
quantitative,
107, 141-143
 or near quantitative in the presence of monomers, whilst the order of 
addition of the reagents has a dramatic impact on the control over the polymerisation. 
Although ambiguities between SARA-ATRP and SET-LRP remain, it is undeniable that 
Cu(0)-mediated polymerisation offers great opportunity to yield sophisticated 
macromolecular structures. As Cu(0) remains the main copper source in the following 
chapters, the technique will be referred to as Cu(0)-mediated RDRP.  
 
1.2.6.3 Reversible-Addition Fragmentation chain Transfer polymerisation 
(RAFT) 
 
The pioneering work of Otsu on iniferters highlighted the importance of an efficient chain 
transfer agent (CTA) to mediate polymerisation with good “living” characteristics. More 
importantly, chains could be re-initiated from the degenerated chain transfer agent, though 
with no further control. Moad and Rizzardo exploited the reversible chain transfer step for 
chain equilibration in radical polymerisation, whereby the CTA is a methacrylic 
macromonomer (bearing a terminal vinyl functionality).
144
 This technique exploited the 
reversible chain transfer of a propagating chain (active species) with the (macro)-CTA 
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(dormant species), regulated by a homolytic substitution or addition-fragmentation (RAFT) 
to yield a “living” polymerisation.  
However, RAFT polymerisation with an appropriate (or more effective) CTA, such as 
dithio-compounds (figure 1.13), became more attractive in 1998,
145
 as excellent control over 
the MWD was obtained. This was subsequently expanded to a wider range of monomers 
than NMP and/or ATRP.
146
 
 
Figure 1.13. Mechanism of reversible addition fragmentation polymerisation. kadd is the 
addition rate constant, kβ is the β-scission rate constant and kp the propagation rate 
constant.  
 
RAFT agents are selected depending on the monomer employed, with dithioesters or 
trithiocarbonates utilised to mediate the polymerisation of more activated monomers 
(MAMs) such as (meth)acrylates, styrene and derivatives. Dithiocarbamates and xanthates 
are unsuitable for the controlled polymerisation of MAMs, though they are predominantly 
utilised for less activated monomers (LAMs), i.e. vinyl acetate, N-vinyl pyrrolidone and N-
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vinyl carbazole.
147
 Some RAFT agents can be tuned in order to control the polymerisation of 
MAMs and LAMs, allowing the synthesis of sophisticated block copolymers.
148
  
RAFT polymerisation has gained considerable interest for the synthesis of sophisticated 
macromolecular structures (multiblock copolymers,
149-151
 stars,
152
 bio-conjugates
153
) as a 
result of its simplicity and robustness. The main commercial product made by an RDRP 
technique is still made by RAFT polymerisation.  
 
1.2.6.4 Ring opening polymerisation (ROP) 
 
Ring-opening polymerisation (ROP) is a robust tool mediated by successive additions of 
cyclic monomers such as epoxides, lactams, lactides or siloxanes (figure 1.14). Early 
findings on ROP in the 1950s, whereby the addition is mediated by an ionic source (cationic 
or anionic),
154, 155
 have been exploited to yield materials of upmost importance, such as 
poly(ethylene oxide) (PEO, PEG),
156
 poly(propylene oxide) (PPO)
157
 and Nylon 6.
158
 These 
investigations were succeeded by numerous investigations to achieve “living” 
characteristics.
159, 160
 
161
 
 
Figure 1.14. General reaction scheme of a ring-opening polymerisation, where Z is a 
linking group (e.g. ether, ester, amide). 
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Coordination-insertion ROP is one of the most common forms of ROP, whereby the 
polymerisation follows a pseudo-anionic pathway which could be divided into four steps: (a) 
coordination of the monomer to the catalyst, (b) insertion of the monomer onto the metal-
oxygen bond of the catalyst by electronic rearrangement, (c) ring-opening of the cyclic 
monomer and (d) continuous insertion of the cyclic monomer (figure 1.15). This method is 
usually employed to yield well-defined polycaprolactones or polylactides.
162, 163
  
 
Figure 1.15. Mechanism of the initiation step of coordination-insertion ROP, according 
to Khanna et al 
163
and Labet & Tielmanns,
160
 where M is a metal catalyst.  
 
ROP is tolerant to a wide variety of catalyst/initiators, namely metals and rare earth 
derivatives, such as tin alkoxides, aluminium alkoxides, zinc alkoxides, zincoxanes and 
aluminoxanes. Interestingly, these catalyst/initiators are capable of producing stereoregular 
polymers with targeted MW and narrow MWD.
162 
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1.3. Telechelic polymers 
 
1.3.1 Nomenclature of telechelic polymers 
 
The development of RDRP techniques enabled the design of well-defined polymeric 
structures, with controlled architectures and MW, along with excellent retention of end-
group fidelity. The reactivity of the functional chain end(s) has been exploited to yield block 
copolymers, star polymers, dendrimers, and/or polymer-peptide conjugates, through the 
reactivity of the α- and/or ω-ends.164 However, when more than one functionality is present, 
allowing further reactions, the polymer is often described as telechelic. 
The term telechelic was first introduced in polymer chemistry by Uranek,
165, 166
 whilst 
describing oligomers that would display two reactive chain ends; and is derived from the 
greek tele (τηλε), meaning at distance or far from each other and chelos (χηλικο) meaning 
claw. The term telechelic polymer was subsequently defined by the IUPAC as a 
“prepolymer capable of entering into further polymerisation or other reaction through its 
reactive end groups” whereby the “reactive end groups in telechelic polymers come from 
initiator or chain transfer agent in chain polymerisation, but not from monomer as in 
polycondensation and polyadditions”.167  
Nevertheless, extensive confusion arises from the definition of a telechelic polymer, mainly 
due to the number of functional group involved in further reactions.
168
 As such, a telechelic 
macromolecule can be classified as mono- or semi-telechelic when bearing one 
functionality. The presence of two functional groups will be related to telechelic, homo-
telechelic, α,ω-telechelic or di-telechelic compounds (e.g. diols, diamines and diacides). 
However, if the functional groups on the α- and ω-ends of the polymer are different, the 
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macromolecule will be ascribed as hetero-telechelic (table 1.2.). Telechelic polymers can 
also contain more than two functional ends, hence described as multifunctional telechelics.  
Table 1.1. Schematic representation and classification of telechelic macromolecules.  
 
Entry Structural family Chain end(s) functionality 
1 Homo-telechelic 
Telechelic 
 
2 Hetero-telechelic 
 
3 Mono- or semi-telechelic 
 
 
The concept of telechelic macromolecules expanded from classical linear and bi-functional 
architectures to more sophisticated designs. Thus, the denomination of the final prepolymer 
will vary depending on the topology (e.g. star-, dendridic-, multicyclic-) and the nature of 
the functional ends, i.e. hydroxyl-, amino- and/or carboxyl-telechelics.
169
  
In the following sections, we will focus our interest on the development and uses of homo-
telechelics, also referred to as telechelics.  
 
1.3.2 Reactions and applications of telechelic macromolecules 
 
The interest in telechelics has stemmed from their use as prepolymers, via the use of suitable 
reagents, in order to perform end group modifications and further polymerisation, i.e. 
polyaddition or polyconsensation. The prepolymers can be regarded as chain extenders, 
cross-linkers and precursors for block-,
170, 171
 graft-copolymers
172, 173
 and networks
174
 by 
reaction with the appropriate reagents. The functionality present on the telechelic chain ends 
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as well as the nature of the reagents will dictate the process involved and the final 
macromolecule.
175
 This can be exemplified by the reaction of a macro-diol with a 
diisocyanate to yield a polyurethane; similarly, the synthesis of polyesters via 
polycondensation, whereby a hydroxyl-telechelic is reacted with a carboxyl-telechelic 
polymer.  
 
 
Scheme 1.2. Various architectures achievable by the reaction of telechelics. Adapted 
from Yagci et al.
169
  
 
Historically, the development of telechelic macromolecules was stimulated by the design of 
thermoplastic elastomers, involving ABA triblock copolymers and/or multiblock 
copolymers.
176
 The physical properties of the chain extenders, i.e the telechelics, would 
subsequently have a dramatic impact on the final product properties. Indeed, modification of 
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solubility, glass transition temperature (Tg), melting temperature (Tm) is in great depth 
mediated by careful tuning of the telechelic polymers.
177
 Towards this end, the design of 
tailor-made telechelics gave tremendous advantages for the processing of such functional 
polymers via injection molding.
178
  
Among the diverse applications of telechelics, the extensive employment of diols in 
polyurethane industry is of upmost importance. Since the first polyurethane by Bayer in 
1947,
179
 a spectacular growth is evident in the use of this versatile group of plastics.
180
 The 
wide variety of forms accessible for polyurethanes (e.g. films, foams, soft rubbers, hard 
plastics, etc.) makes this functional polymer matrix, extremely attractive for various 
industries. By adapting the properties of the telechelic diols and diisocyanates, the resulting 
matrix can provide a diverse range of commercially important products, i.e. flexible foams 
(mattresses), packaging films and foams, fabric coatings, car bumpers and other vehicle 
furniture/protections, paints and thermoplastic elastomers.
181
  
 
1.3.3 Synthesis of telechelics by reversible deactivation radical 
polymerisation and end-group modifications 
 
Telechelics are extremely versatile prepolymers to achieve functional materials, through the 
reactivity of their chain ends. The plethora of synthetic tools presented in section 1.2. gives 
various routes to precisely design telechelic polymers, with broad variety over the monomer 
moieties. However, the necessity to carefully retain good chain end fidelity (to undergo 
further polymerisation or reaction) encourages the use of ionic polymerisation or RDRP 
instead of FRP, due to the extensive presence of undesired termination events; albeit 
investigations were carried out utilising FRP in the presence of functional initiators and/or 
chain transfer agents.
182
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The strategy to yield telechelics remains unchanged regardless of the selected 
polymerisation route.
171
 The first strategy, utilises an initiating specie bearing a desired 
functionality on the α-end. Upon complete polymerisation, the ω-end functional group is 
introduced via a persistent specie (cf. section 1.2.6, e.g. CTA) or subsequently modified post 
polymerisation. A second strategy is to exploit bi-functional intitiating species and/or a bi-
functional persistent species. Hence, α,ω-telechelics can be obtained and the functionality 
can be easily altered on the chain ends via orthogonal chemistry.  
 
Scheme 1.3. Various strategies to yield functional telechelics.  
 
Unfortunately, the two strategies are not always available depending on the pre-selected 
polymerisation route, as detailed in the next sections.  
 
1.3.3.1 Telechelics by ionic polymerisations  
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The development and understanding of “living” ionic polymerisation was subsequently 
exploited to design telechelic macromolecules, with narrow MWD and good retention of the 
α,ω-end groups.183,184 In anionic polymerisation, the main strategy to yield telechelics 
utilises a protected initiating species (e.g., siloxane, acetal) and an electrophile to terminate 
the polymerisation.
185, 186
 For example, reaction with carbon dioxide
187
 and ethylene oxide
188, 
189
 would terminate the macromolecular chain with carboxyl and hydroxyl groups 
respectively. The need for a protected group on the functional initiator lies in the harsh 
conditions employed in anionic polymerisation (see section 1.2.3) which would be 
detrimental for hydroxyl, amino and/or carboxyl groups. For instance the 
protection/deprotection strategy was successfully employed to yield α,ω-hydroxy poly(1,3-
butadiene)-b-poly(styrene)-b-poly(1,3-butadiene) via an anionic process, which upon further 
modification, generated well-defined vesicles.
190
 In other reports, α,ω-carboxy 
poly(isopropylene)-b-poly(styrene)-b-poly(isopropylene) could be obtained post 
polymerisation by addition of carbon dioxide in the reaction medium.
191
  
Cationic polymerisation utilises similar strategy to its sibling, by employing a nucleophile to 
terminate the polymerisation, such as sodiomalonate to yield a carboxy-telechelic 
polymer.
192
 Interestingly, the association of bi-functional 1,4-bis(2-chloroisopropyl) chloride 
initiator with BCl3 catalyst would yield a α,ω-Cl terminated (most commonly but not limited 
to) polyisobutylene.
193, 194
 Subsequently the halide chain ends can be altered to obtain diols 
or diamines. Hence, cationic polymerisation offers a good alternative to design functional 
telechelics through an ionic process.
195, 196
  
 
1.3.3.2 Telechelics by group transfer polymerisation 
 
Chapter 1.  Precise design of telechelic macromolecules: Historical background 
towards the use of Cu(0)-mediated radical polymerisation 
 
 
Alexandre Simula 36 
 
Quenching agents utilised in cationic polymerisation, such as silyl ketene acetals, to yield 
hetero-telechelics are of upmost importance for the design of telechelics by GTP.
197
 Indeed, 
a protected silyl functionality can be introduced on the silyl ketene acetal, which upon 
hydrolysis of the chain ends, would yield hydroxyl or carboxyl groups.
197
 This has been 
applied for the GTP of methyl methacrylate (MMA) with [(2-methyl-1-[2-
(trimethylsiloxy)ethoxy]1-propenyloxy]-trimethyl silane, under the presence of HF2
-
. Upon 
polymerisation, the polymer chain can be coupled with 1,4-bis(bromomethyl)-benzene and 
the chain ends hydrolysed to yield α,ω-hydroxy-PMMA. Similarly, 1,1’-
bis(trimethylsiloxy)-2-methyl-1-propene can be utilised as the initiator, which will yield a 
α,ω-carboxy PMMA. The use of protected silanes and mild reaction conditions made GTP 
extremely attractive to yield telechelics, though the limited selectivity over the monomer 
moieties (e.g. methacrylates) and the need of extensive purification of the reagents, arguably 
allowed for the use of different RDRP processes, as presented below.  
 
1.3.3.3 Telechelics by nitroxide-mediated polymerisation 
 
The tolerance over the nitroxide functionality allows the preparation of telechelic 
macromolecules by NMP with relative ease.
31
 Functionalities can be introduced either via a 
bi-functional alkoxyamine (uni-molecular process), or with the dual combination of a mono-
functional alkoxyamine with a functional initiator (bi-molecular process). Although 
hydroxyl
198
 and carboxyl
199
 groups can be easily introduced on the α,ω-ends of the polymer, 
the presence of amines and alkynes requires protective chemistry.
200
 The high level of 
functionalisation attainable with NMP (> 95%) provides good alternative to an ionic 
process.
201
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Post polymerisation modifications are also common in NMP, by alteration or denaturation of 
the nitroxide post polymerisation, yielding the desired functionalities.
202
 This includes the 
introduction of terpyridine on the ω-end of an hetero-telechelic polystyrene via maleimide 
substitution, thus yielding a functional α,ω-telechelic.203  
 
1.3.3.4 Telechelics by addition-fragmentation and reversible addition-
fragmentation chain transfer polymerisation 
 
The synthesis of macromonomers by CCTP enabled the use of functional macro-CTAs as 
transfer agent in addition-fragmentation polymerisation. Interestingly, DuPont
204
 and 
subsequently Haddleton et al.
205
 exploited the use of dimers as CTAs (figure 1.16), yielding 
a major distribution of α,ω-telechelic for the resulting polymer (whilst a minor distribution 
will be hetero-telechelic due to unavoidable terminations events).
206
 Functional dimers 
would include benzyl methacrylate dimer (BzMA-dimer)
207
 or 2-hydroxyethyl methacrylate 
dimer (HEMA-dimer).
205
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Figure 1.16. Proposed mechanism for the addition-fragmentation polymerisation of 
methacrylate moieties under the presence of HEMA-dimer.  
 
Despite the relative ease inherent with addition fragmentation polymerisation, the low chain 
transfer constant of the dimers was detrimental to maximise the yield of telechelics. This 
could be circumvented by the use of mixed trimers (hence increasing the Ctr constant),
17
 
albeit their production and purification can be arduous. Another alternative was to utilise 
highly efficient CTAs, i.e. dithio-containing compounds which can be further modified to 
the desired functionality.  
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The tolerance of RAFT polymerisation to a wider range of monomer moieties than ATRP or 
NMP with various side chain and CTAs functionalities allows the design of sophisticated 
telechelic architectures with good control over the MWD.
208
 The use of symmetrical CTAs 
with allyl,
209
 hydroxyl
210
 or carboxyl
211, 212
 groups could successfully mediate the 
polymerisation of acrylamides, (meth)acrylate and styrene. Symmetrical CTAs bearing no 
functionalities can also be utilised and altered post-polymerisation.
213, 214
 Alternatively, R-
functional CTAs (introducing α-end functionality) could be employed to obtain hetero-
telechelics, whilst the ω-end functionality would be introduced via post-polymerisation 
modifications, i.e. hydrolysis,
215
 aminolysis,
216
 metal-assisted and radical-induced 
reactions.
217
  
 
1.3.3.5 Telechelics by ring opening polymerisation 
 
ROP has been extensively utilised to yield polymers (e.g. PEO) which find interest in 
various industrial applications.
218, 219
 The ROP of cyclic esters (e.g. lactones, lactams) has 
been widely developed via a coordination-insertion mechanism whereby the catalyst is a 
coordination complex, typically an alkoxide (see section 1.2.5.4). Although this synthetic 
tool would provide a versatile route to yield well-defined hetero-telechelics, this was 
unsatisfactory to yield diols.
220
 Consequently, numerous efforts have been undertaken to 
design a catalyst which would yield a α,ω-hydroxy telechelic, i.e. borohydride complexes.221  
Another strategy arising from the development of functional polyesters/polycarbonates was 
to utilise an existing diol as initiating species for the ROP of cyclic ester. This would provide 
an easy access to tailor-made macro diols which can be further reacted. Indeed, 
polycaprolactone, polylactide diols have been utilised as prepolymers to yield macro-ATRP 
initiators,
222
 biodegradable polyesters and polyurethanes.
223
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Interestingly, the design of telechelics by ROP has not been limited to cyclic esters and has 
been widely investigated. The use of oxazolines for example, highlights the versatility of the 
technique,
224
 and introduces new functionalities (e.g. alkyl, phenyl) on the polymer side 
chains.
225
 The ROP of oxazolines would be ascribed as cationic ROP, considering the 
propagating species. Functional groups are introduced via the initiator and a nucleophile 
which terminates the polymerisation (figure 1.17).  
 
Figure 1.17. Synthesis of telechelic polyoxazolines by cationic ring-opening 
polymerisation. X is an halogen (Cl, Br), R a functional group and Nu a nucleophile.  
 
1.3.3.6 Telechelics by ATRP 
 
ATRP and to a greater extent TMM-RDRP, is a versatile technique to yield polymers with 
good chain end fidelity for a wide range of monomer functionality. Moreover, the presence 
of halides on the chain ends facilitates the modification, via nucleophilic substitution, 
electrophillic addition and subsequent “click” reactions (see section 2.1).226 Hence, the 
synthesis of telechelics has received great attention in the literature and several strategies 
have emerged. The use of functional initiators (with protected or unprotected functionalities) 
can be employed, with the necessity of post polymerisation modifications.
227, 228
 
Additionally, bi-functional initiating species can be utilised, thus yielding α,ω-halide 
telechelics.
229-231
 Interestingly, a novel strategy, atom transfer radical addition or coupling 
(ATRA/C) was also exploited to yield telechelic macromolecules.
232
 Functionalisation could 
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be performed utilising a co-monomer which would not homopolymerise (e.g. allyl alcohol, 
maleic anhydride),
233-235
 a chain transfer agent, or a combination of oligomeric and 
polymeric materials (figure 1.18). Unfortunately, an ATRA/C route would not be possible 
for monomers which would terminate via disproportionation (e.g. MMA). Consequently, the 
strategy was in great depth applied to polystyrene and polyacrylates.  
 
Figure 1.18. Atom transfer radical addition/coupling of polystyrene. 
 
The combination of ATRP with other RDRP techniques has also been investigated to design 
functional telechelics. Transformation of the bromide chain ends could be performed 
utilising a Co
(II)
 cobaloxime complex (genuinely employed in CCTP, see section 1.2.2), thus 
yielding to an unsaturated macromonomer. This has been applied to polyacrylates, which 
cannot be obtained by conventional CCTP.
236, 237
  
 
1.3.3.7 Telechelics by Cu(0)-mediated reversible deactivation radical 
polymerisation 
 
One of the main drawbacks of an ATRP process to yield telechelics is the loss of chain end 
fidelity at high conversion, hence adding purification processes post polymerisation. This 
can be circumvented by utilising Cu(0) (in the form of a wire, mesh or particles) as the 
primary copper source.
238, 239
 This technique, referred to as SET-LRP (see section 1.2.6.2.3.) 
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displays excellent end group fidelity at quantitative monomer conversion, which allows 
alteration of the halide chain ends without purification steps.
117, 240
 This has been applied to a 
variety of initiating moieties, mainly bi-functional, which would support the synthesis of 
cleavable or phase-transitional polymers.
106, 241, 242
  
Unfortunately, the poorer tolerance of Cu(0)-mediated RDRP to the polymerisable moieties 
has limited the design of telechelics to acrylates, while block copolymers are yet to be 
investigated. Moreover, the polymerisation of acrylamides and/or methacrylates has not 
been assessed to yield functional telechelics.  
 
1.4.  Motivation: Towards tailor-made telechelic polymers via 
Cu(0)-mediated radical polymerisation 
 
The plethora of polymerisation techniques available today allows the design of tailor-made 
macromolecular structures, whilst retaining chain end fidelity and narrow MWD. The 
extensive work conducted while focusing on telechelics clearly showed the potential and 
impact of such materials in polymer science. However, it is not yet evident which technique 
would be the most attractive to yield telechelics depending on the targeted materials. Indeed, 
in an attempt to highlight the advantages/drawbacks of RDRP techniques towards the 
synthesis of telechelics, it can be argued that none of the technique, on their own, can fulfil 
all criteria (e.g. high chain end fidelity, good tolerance over multiple functionalities and 
arguably undemanding processes). However, the wide range of possibilities arising from the 
combination of synthetic tools would yield to sophisticated materials. Moreover, deeper 
understanding of emerging techniques, in addition to the re-discovery of “old” synthetic 
tools could offer great opportunities to design tailor-made telechelics, further expanding the 
scope of available polymeric materials.  
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In this work, the focus is on the development of “novel” strategies towards the design of 
telechelic polymers via Cu(0)-mediated RDRP. The good chain end fidelity attainable at 
high monomer conversion in organic media makes this process attractive for the synthesis of 
telechelics. However, exploring the limits of this tool in terms of tolerance and reactivity of 
the chain ends functionalities (e.g. hydroxyl groups) has not been investigated in depth and 
would be highly desirable to access tailor-made (co)polymers. Moreover, the development 
of methacrylic based copolymers via a Cu(0)-mediated process would broaden the range of 
materials accessible as well as the versatility of the technique. In the end, the robustness of 
this synthetic tool in aqueous media could pave the way to sophisticated “smart” materials, 
whilst polymerising stimuli-responsive monomers with (meth)acrylic or acrylamide 
backbones.  
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Chapter 2 
 
Synthesis and reactivity of α,ω-homotelechelic polyacrylates by 
Cu(0)-mediated reversible deactivation radical polymerisation  
 
 
  
 Telechelic poly(n-butyl acrylate) and poly[poly(ethylene glycol) methyl ether 
acrylate]  are obtained with high monomer conversions and narrow molecular  weight 
distributions (Ð < 1.2) by Cu(0) -mediated reversible deactivation  radical polymerisation 
(SET-LRP). The high end group fidelity of the polymer is confirmed by a combination of 1H 
NMR and MALDI-ToF-MS analysis. The reactivity of the telechelics is e xploited to yield 
amphiphilic BAB triblocks, by sequential addition of a second monomer, which sel f -assemble 
in water. Furthermore, nucleophilic thiol -bromine substitution using 2-mercaptoethanol post-
polymerisation enables the incorporation of primary alcohols on both the α- and ω- polymer 
chain ends. The presence and reactivity of hydroxyl end -groups is confirmed upon reaction 
with isocyanates and further exploited to induce the ring opening polymerisation (ROP) of ε-
caprolactone.  
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2.1   Introduction 
 
Homo and hetero-telechelic polymers
1
 provide access to a large variety of architectures via 
chain extension including simple BAB triblock copolymers, cross-linked co-networks
2
 and 
higher ordered self-assembled structures.
3, 4
 The reactivity of end groups of telechelic 
polymers
5
 has been exploited in the preparation of functional polyesters
2, 6
 and 
polyurethanes
2
 via polycondensation chain extension protocols. However, the ability to tune 
macromolecular composition and architecture, thus tailoring mechanical, physical and 
chemical properties has a major influence on the final application of such polymeric 
materials ranging from therapeutic drug delivery
7, 8
 to personal care applications.
9
 Indeed, 
none of these supramolecular structures can be achieved without a control over the 
morphology and chain end composition.
10
  
Recent advances in RDRP provide the necessary control required to design increasingly 
complex architectures with good tolerance to side chain chemical functionality and with the 
maximum retention of chain-end functionality.
11, 12
 Predictable molecular weights (MW), 
narrow distributions (Ð = Mw/Mn) and high end group fidelity can be achieved by many 
techniques including RAFT,
13-15
 NMP
16, 17
 and ROP
18-20
 processes. TMM-RDRP remains a 
widely used technique to yield precision polymeric structures and materials.
21-24
 
Functionalities can be introduced via the initiator,
25, 26
 the monomer through functional 
pendant groups, or by post-polymerisation modifications
27-31
 to yield functional scaffolds. 
Such techniques have been applied to introduce reactive hydroxyl, carboxylic acid and 
amine functional groups to the polymer chain ends and along (meth)acrylic side chains.
2
  
The focus of this chapter is on the introduction of hydroxyl chain ends, because of their 
reactivity and versatility towards further uses. Existing halide-end group modification 
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include thio-halogen SN2 nucleophilic substitution,
32, 33
 addition of allyl moieties
27, 34
 and the 
widely exploited copper(I)-catalysed azide-alkyne cycloaddition (CuAAC).
35-37
  
 
Scheme 2.1. Modification of ω-halide via (A) allyl moieties in situ; (B) nucleophilic 
substitution utilising thiols; (C) copper(I)-catalysed alkyne-azide 1,3-dipolar 
cycloaddition.  
 
However, the use of azides and large quantities of copper catalyst makes the technique less 
attractive for industrial applications;
38, 39
 hence it will not be investigated in this work.   
Additionally, RDRP processes have unavoidable termination reactions, imposing a 
deleterious effect upon end group fidelity.
40, 41
 Pleasingly, Cu(0)-mediated RDRP (SET-
LRP)
42
 enables the polymerisation of acrylates
43, 44
 in polar organic media, leads to relatively 
fast polymerisation, exhibits very high initiator efficiency, with minimal termination which 
is reciprocated by unprecedented control over end group fidelity for a radical process (up to 
>99%).
45, 46
 Moreover, the use of Cu(0) as a primary copper source reduces the amount of 
copper in the reaction medium, giving a “greener” alternative compared to classical copper-
mediated polymerisation protocols.
47, 48
 This has been exploited to yield bi-functional 
hydrophobic polymers with a wide range of molecular weights.
32
 Furthermore, using 
increasingly hydrophobic monomers has resulted in the development of self-generating 
biphasic systems with the retention of catalytic activity, polymerisation control and in some 
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cases, enhanced end-group fidelity.
49-51
 Typically, phase separation furnishes a catalyst-free 
polymer-rich layer ready to use for further modifications without the need for additional 
purification steps.  
In this chapter, the high α,ω-chain end fidelity of hydrophilic and hydrophobic polymer 
chains is exploited to give functional polymeric diols. Poly(n-butyl acrylate) (PBA) and 
poly[poly(ethylene glycol) methyl ether acrylate] (Mn= 480 g.mol
-1
, PPEGA480) are 
polymerised by Cu(0)-mediated RDRP using the bi-functional initiator ethylene bis(2-
bromoisobutyryl bromide) in DMSO. Primary hydroxyl groups are then introduced post-
polymerisation or via sequential addition of allyl alcohol or via nucleophilic thio-bromo 
substitution, using 2-mercaptoethanol. The combination of 
1
H NMR spectroscopy, Size 
Exclusion Chromatography (SEC) and Matrix-Assisted Laser Desorption Ionization Time-
of-Flight mass spectroscopy (MALDI-ToF MS), together with chain extension and chain-
end modification demonstrate the high end group fidelity and successful functionalisation of 
these polyacrylates. The reactivity of the hydroxyl groups is exploited by reaction with 
isocyanates and the ring opening polymerisation of ε-caprolactone. 
2.2   Results and discussions 
2.2.1 Synthesis of bi-functional initiators 
 
The selected approach towards the design of functional telechelics requires use of bi-
functional initiating moieties, in order to retain similar α- and ω- chain ends throughout 
polymerisation. Consequently, two different initiators, ethylene bis(2-bromoisobutyrate) 
(EbBiB) and bis[2-(2-bromoisobutyryloxy)ethyl] disulphide were synthesised.  
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Scheme 2.2. Synthesis of ethylene bis(2-bromoisobutyrate) (EbBiB) and bis[2-(2-
bromoisobutyryloxy)ethyl] disulphide. 
 
NMR analysis revealed a successful esterification of the hydroxyl groups, highlighted by the 
appearance of the –(CH3)2 peaks at 1.8-1.9 ppm. 
 
Figure 2.1. 
1
H NMR spectra (CDCl3, 400MHz) of ethylene bis(2-bromoisobutyrate) 
(EbBiB) and bis[2-(2-bromoisobutyryloxy)ethyl] disulphide initiators. 
 
2.2.2 Polymerisation of hydrophilic and hydrophobic acrylates with high 
end-group fidelity 
 
Telechelic homopolymerisation of hydrophobic butyl acrylate (n-BA) and hydrophilic 
poly(ethylene glycol) methyl ether acrylate (PEGA480) were carried out according to the 
general procedure using EbBiB, activated Cu(0)-wire, sub-stoichiometric amounts of Cu
II
Br2 
and σ-donor ligand Me6-TREN, in DMSO at 25°C (Scheme 2.3).  
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Scheme 2.3. Cu(0)-mediated polymerisation of acrylates, [I]:[M]:[Cu(0) 
wire]:[Cu
II
Br2]:[Me6-TREN] = 1:DPn:5 cm:0.05:0.18 in DMSO at 25°C. 
 
The Cu(0)-mediated, telechelic polymerisation of n-BA exhibited “living” characteristics, 
exemplified by a linear evolution of Mn with respect to monomer conversion, in keeping 
with previously reported results (Figure 2.3A).
50
 However, a small induction period is 
observed in figure 2.3C, which could be due to the heterogeneous nature of the system, with 
the presence of undesired oxides on the copper wire surface. Monitoring of the 
polymerisation of n-BA was conducted utilising 
1
H NMR, by comparing the monomer vinyl 
peaks (6.5-5.5 ppm, CDCl3, 250 MHz) to the PBA –CH3 (0.9 ppm, CDCl3, 250 MHz). 
Quantitative conversion (>99%) was reached in less than 3 hours and the resulting polymer 
retained a narrow MWD (Ð < 1.12). The linear and telechelic polymerisation of n-BA has 
previously been reported to proceed through a self-generating biphasic system.
50
 Pleasingly, 
the expected phase separation was observed during this investigation when the growing 
polymer chain reached a molecular weight of ~2500 g.mol
-1
 generating an unstable emulsion 
with stirring during the reaction giving a polymer rich top layer and a catalyst rich bottom 
layer immediately following cessation of agitation (Figure 2.2).  
  
Chapter 2.  Synthesis and reactivity of α,ω-homotelechelic polyacrylates by Cu(0)-
mediated reversible deactivation radical polymerisation 
 
 
Alexandre Simula 58 
 
 
Figure 2.2. Schlenk tube of n-butyl acrylate polymerisation using Cu(0)-wire in DMSO 
at 25°C, [I]:[M]:[Cu(0) wire]:[Cu
II
Br2]:[Me6-TREN] = 1:40:5 cm:0.05:0.18 after 
cessation of agitation. 
 
The final polymer can be used without further purification for mass spectrometry analysis or 
for end group modifications. The MALDI-ToF MS analysis of the unpurified polymer 
reveals a single mass distribution, corresponding to a n-BA unit (128 Da, Figure 2.3D). 
Moreover, each peak follows an isotopic distribution consistent of α,ω-bromo chain ends, 
suggesting a high end group fidelity of telechelic PBA which is further supported by 
symmetrical and monomodal SEC traces throughout the molecular weight evolution (Figure 
2.3B).  
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Figure 2.3. Cu(0)-mediated polymerisation of n-butyl acrylate ([I]:[M]:[Me6-
TREN]:[Cu(0) wire]:[Cu
II
Br2] = 1:40:5 cm:0.18:0.05) in DMSO at 25°C. (A) 
Experimental molecular weights and dispersities at different monomer conversions. (B) 
Normalised dw/dlogM vs. M at different monomer conversions. (C) Ln([M]0/[M]) vs. 
time (mins) and linear fit (dash line).  (D) MALDI-ToF-MS spectrum obtained at 98 % 
monomer conversion.  
 
The telechelic nature, and “livingness” of both α,ω-chain ends of the polymer was also 
assessed using a “cleavable” initiator, bis[2-(2-bromoisobutyryloxy)ethyl] disulphide. For 
comparison, n-BA was polymerised under the same conditions as described above. Upon 
completion of the polymerisation, an excess of tributylphosphine was added in order to 
reduce the disulphide bond. It should be noted that the use of phosphines may result in an 
undesired loss of halide chain ends.
52
 Nevertheless, within an hour, full reduction was 
observed by SEC as illustrated by complete shift in the MWD to approximately 50% of the 
original value, with retention of monomodality and narrow dispersity (Figure 2.2). This is 
indicative of the propagation proceeding from both chain ends with minimal termination at 
either end. However, a broadening of the MWD is noticeable, which could be due the 
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residual presence of non-reduced polymer chains and/or undesired phosphonium salts end 
groups. Additional evidence for disulfide bond cleavage was observed in 
1
H NMR (Figure 
2.4), whereby the -S-CH2 peaks were found to shift from 2.8 ppm to 3.8 ppm upon addition 
of the reducing agent. 
13
C NMR spectra of the corresponding polymers can be found in 
appendix A. 
 
 
Figure 2.4. Reduction of poly(n-butyl acrylate) initiated by bis[2-(2-
bromoisobutyryloxy)ethyl] disulphide upon addition of tributylphosphine. (Top) 
1
H 
NMR (CDCl3, 300MHz). (Bottom) SEC traces (CHCl3 eluent).   
 
The polymerisation of water soluble PEGA480 was conducted in DMSO using the bi-
functional initiator EbBiB. Monitoring of the monomer consumption was assessed by 
1
H 
NMR by comparing the consumption of the monomer vinyl peaks (6.6-5.5 ppm, CDCl3, 250 
MHz) to the polymer pendant –CH3 (3.3 ppm, CDCl3, 250 MHz). The “living” nature of the 
polymerisation was again confirmed by the first order kinetics (Figure 2.5B) observed 
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following a short induction period (~ 90 mins) and linear evolution of molar mass with 
conversion (Figure 2.5A). A shoulder at high molecular weight is observed on the molecular 
weight distribution which is common when performing RDRP of PEGA based monomers 
and could be explained via two hypotheses. Firstly, the high molecular weight possibly 
results from the presence of diacrylate species present in the starting material.
53
 Indeed, the 
SEC analysis revealed for the last sample (300 minutes, 92% conversion) an increase in the 
polymer Mn and Mp; the main peak distribution displays Mn =14700 g.mol
-1
 and Mp =15200 
g.mol
-1
 whilst the shoulder reveals Mn = 29400 g.mol
-1
 and Mp =26200 g.mol
-1
, 
corresponding to an increase by 2 fold in the molecular weights compared to the main peak 
distribution. Hence, the presence of diacrylates is hypothesised, as both calculated molecular 
weight values are affected. However, the presence of a shoulder at high molecular weight 
could also be due to undesired termination of the polyacrylate, via β-scission and/or 
branching, which would result in similar increase of the MWD. Such hypotheses will be 
questioned further in sections 3.2 and 4.2.  
Despite the induction period and the presence of undesired diacrylates, very high monomer 
conversions are obtained, observed molecular weights correlate well with theoretical values 
and the molecular weight distribution remains narrow (Ð < 1.16, Figure 2.5A and 2.5C).   
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Figure 2.5. Cu(0)-mediated polymerisation of poly(ethylene glycol) methyl ether 
acrylate (av. Mn= 480 g.mol
-1
, [I]:[M]:[Me6-TREN]:[Cu(0) wire]:[Cu
II
Br2] = 1:40: 0.18: 
5 cm: 0.05) in DMSO at 25°C. (A) Experimental molecular weights and distributions 
vs. monomer conversion. (B) Ln([M]0/[M]) vs. time and linear fit (dash line). (C) 
dw/dlogM vs. M at different monomer conversions.  
 
The high end group fidelity of the PPEGA480 was experimentally verified by chain extension 
with varying ratios of n-BA to furnish amphiphilic BAB tri-block copolymers (Table 2.1). 
Chain extension was realised upon addition of a deoxygenated aliquot of comonomer (n-
BA) when the homopolymerisation had reached high conversion (>91 %, by 
1
H NMR, 
Figure 2.6). The resulting BAB triblocks were obtained in high conversion, with respect to 
the comonomer (> 80 %), and with narrow molecular weight distributions (Ð < 1.18, Figure 
2.6). The complete shift to higher molecular weight is indicative of minimal loss of the α,ω-
Br end groups, even at high conversion, during homopolymerisation. The high molecular 
weight shoulder can again be attributed to impurities in the PEGA480 monomer.  
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Table 2.1. PBA-PPEGA-PBA BAB triblocks and statistical copolymers prepared by 
SET-LRP. 
 
Entry DPn  
PEGA480 : n-
BA 
Time 
(h) 
Conv. 
(PEGA480/nBA)
a
 
(%) 
Mn,SEC
b 
(g.mol
-1
) 
Ð 
(Mw/Mn) 
1 10 5 95 / n.a. 7200 1.09 
2 10:20 17 > 99 / 83 9900 1.12 
3 10:40 17 > 99 / > 99 11300 1.11 
4 10:80 17 > 99 / > 99 17300 1.12 
5 40:10 17 > 99 / > 99 18300 1.14 
6 80:10 17 98 / 86 29000 1.18 
7 80:10
*
 17 > 99 / 94 29300 1.17 
*Random copolymers.
a
 Determined by 
1
H NMR (CDCl3).
b
 Determined by CHCl3 SEC, over 
PMMA standards. 
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Figure 2.6. Chain extension of telechelic poly[poly(ethylene glycol) methyl ether 
acrylate] (av. Mn= 480 g.mol
-1
) with different amounts of n-butyl acrylate in DMSO at 
25°C. Numbers correspond to the entry numbers in Table 2.1.  
 
Further evidence for the high chain-end fidelity was provided by thio-bromine nucleophilic 
substitution at the α,ω-chain ends of a low molecular weight (DPn= 10, Mn > 5000 g.mol
-1
) 
PPEGA480. PPEGA480 was synthesised in 5 hours exhibiting quantitative monomer 
conversion (> 99 % by 
1
H NMR) and narrow molecular weights distributions (Mn= 7100 
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g.mol
-1
, Ð= 1.10). Thio-bromine substitution was achieved upon addition of an excess of the 
nucleophilic dodecanethiol in the presence of triethylamine. The solution was then dialyzed 
against water (MWCO 3.5 kDa) to remove the reaction solvent and by-products. During 
dialysis, the product solution became cloudy implying aggregation into higher order 
structures. Examination of a sample of the cloudy solution by optical microscopy revealed 
the presence of microparticles with a diameter between 2-4 μm. This indicates that 
substitution of the α,ω-chain ends of the hydrophilic PPEGA480 polymer with a hydrophobic 
molecule such as dodecanethiol confers surfactant like properties on the resulting polymers 
leading to the observed self-assembly in aqueous media.  
 
Figure 2.7. Optical microscopy image of self-assembled dodecanethiol modified 
poly[poly(ethylene glycol) methyl ether acrylate] [M]:[I] = 1:10. Zoom x40, scale bar 
25 μm. 
 
The dialyzed product was collected by lyophilisation and the resulting viscous solution was 
analysed by 
1
H NMR and SEC (Figure 2.8) to reveal the successful modification of the 
halogen chain ends. The SEC chromatogram shifts to lower molecular weights (Mn = 5900 
g.mol
-1
, Ð= 1.11), as a result of an enhanced hydrophobicity and solvability in the eluent, 
without affecting the molecular weight distribution. In 
1
H NMR, the appearance of new 
peaks between 1.5-2.5 ppm suggests the successful nucleophilic substitution of the halogen 
chain ends with dodecanethiol. 
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Figure 2.8. (Left) 
1
H NMR (CDCl3, 300 MHz) of dodecanethiol modified 
poly[poly(ethylene glycol) methyl ether acrylate] [M]:[I] 1:10 with integrations. (Right) 
Shift in molecular weight of poly[poly(ethylene glycol) methyl ether acrylate], [M]:[I]  
= 10:1 (blue, Mn= 7100 g.mol
-1
, Ð= 1.10) upon addition of dodecanethiol (orange, Mn= 
5900 g.mol
-1
, Ð= 1.11). 
 
Integration of the peaks corresponding to the α,ω-end –CH3 (t, 0.88 ppm) of the triblock 
copolymer has an integration of 6, using the –(CH3)2 initiator peaks as a reference (1.14 
ppm, s, 12H, Figure 2.8). This confirms the high end group fidelity of the telechelic 
PPEGA480 polymer as two thiol moieties are incorporated onto the polymer α,ω-chain ends.  
Assessment of the α,ω-Br end group fidelity of hydrophilic PPEGA through chain extension 
and nucleophilic substitution of hydrophobic moieties (e.g. PBA, dodecanthiol) revealed 
interesting dispersing behaviour in water. Indeed, the amphiphilic nature of the obtained 
copolymers yielded nanostructures with potential use as dispersants, expanding the use of 
functional telechelics. 
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2.2.3 Incorporation of hydroxyl chain ends  
2.2.3.1 Thio-bromo nucleophilic substitution 
 
The reactivity of the halogen chain ends of hydrophobic PBA was also investigated via 
nucleophilic substitution reactions. The telechelic n-BA homopolymer was synthesised by 
Cu(0)-mediated polymerisation in DMSO reaching high monomer conversion (> 99 % by 
1
H 
NMR) within 3 hours whilst retaining narrow dispersity (Mn= 3500 g.mol
-1
, Ð= 1.11). In this 
case, 2-mercaptoethanol was selected as the nucleophile to introduce α,ω-hydroxyl 
functionality to the polymer chains. Successful substitution was achieved following addition 
of an excess of 2-mercaptoethanol in the presence of triethylamine to yield the α,ω-hydroxyl 
terminated PBA as characterized by NMR and MALDI-ToF MS analysis. The shift in 
1
H 
NMR of the –CH2 peaks of 2-mercaptoethanol from 3.7 ppm to 3.9 ppm and 2.7 ppm to 2.9 
ppm respectively, suggest a significant incorporation of the nucleophile into the polymer end 
groups (Figure 2.9).  
 
Figure 2.9. 
1
H NMR (CDCl3, 400 MHz) of α,ω-hydroxyl terminated poly(n-butyl 
acrylate) (Mn=3600 g.mol
-1
, Ð=1.09) before (left) and after purification (right).  
 
1
H NMR spectra of both unpurified and purified (Figure 2.9) polymer were recorded in order 
to confirm the presence of hydroxyl groups on the chain ends and to ascertain the purity of 
the final material. The remaining thiols were removed by dialysis against IPA (MWCO 1 
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kDa) overnight and the resulting product was isolated by removal of volatiles under reduced 
pressure. The nucleophilic substitution was also monitored by MALDI-ToF MS analysis 
which confirmed successful incorporation of primary alcohols on both ends of the polymer 
chain (Figure 2.10). 
 
 
Figure 2.10. MALDI-ToF spectra of poly(n-butyl acrylate) before (blue) and after (red) 
addition of 2-mercaptoethanol. Expansion of the isotope pattern of the major 
distributions.   
 
The major distribution corresponding to the end-functional telechelic polymer (blue) was 
observed to shift upon thio-bromo substitution to furnish a macromolecular diol (red). A 
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minor distribution, attributed to hydrogen termination on one of the chain ends, taking place 
during the initial homopolymerisation cannot be ignored.  
2.2.3.2 Allyl alcohol “end-capping” 
 
Transformation of the α,ω-halide chain ends into hydroxyl groups has also been investigated 
via a “thiol-free” route, which could be appreciated in an industrial process, utilising allyl 
alcohol. Reported procedures give clear insight into this reaction with respect to 
monofunctional, linear PMA polymers with good ω-end group fidelity .27, 34 Thus, it 
becomes of interest to investigate the viability of this approach towards the synthesis of 
functional macrodiols. Whilst exploiting this process, one focus will be to understand the 
effect of self-generated phase separation of the polymeric system on the yield of α,ω-Br 
modification. Consequently, polymerisation of n-BA was performed in both DMSO, which 
promotes phase separation, and IPA which does not. Subsequently, when high monomer 
conversion were reached (> 95% conversion, Mn= 2800 g.mol
-1
, Ð=1.11), a large excess of 
allyl alcohol was injected in situ.  
 
Figure 2.11. Monitoring the functionalisation of telechelic PBA with allyl alcohol in 
DMSO (left) and IPA (right) by 
1
H NMR (CDCl3, 300MHz). 
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The degree of incorporation was monitored by NMR and MALDI-ToF MS analysis, 
revealing 94% yield of addition in DMSO and 97% in IPA respectively, by comparing the 
initiator peak –(CH3)2 (1.1 ppm) to the HO-CH2 of the functionalised PBA (3.7-3.8 ppm). 
 
Figure 2.12. MALDI-ToF mass spectrum of hydroxyl terminated PBA utilising 100 
equivalents of allyl alcohol in DMSO.  
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Figure 2.13. MALDI-ToF mass spectrum of hydroxyl terminated PBA utilising 100 
equivalents of allyl alcohol in IPA.  
 
A minor distribution in the mass spectra can be observed (figures 2.12 and 2.13), attributed 
to hydrogen termination on one of the halide chain ends. It is noticeable that the self-
generated phase separation has a slightly negative effect on the degree of substitution of both 
halide end groups, thus, IPA became a solvent of choice for the “end-capping” of telechelic 
PBA utilising allyl alcohol.  
The large excess of “end-capping” moieties employed might be problematic for an industrial 
process if the unreacted reagents cannot be recovered. Consequently, the influence of the 
excess of allyl alcohol was investigated by MALDI-ToF MS analysis in order to get the best 
yield of macrodiols (figure 2.14).  
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Figure 2.14. Influence of the amount of allyl alcohol on the yield of substitution of 
telechelic PBA (Mn =2800 g.mol
-1
, Ð=1.12) by MALDI-ToF analysis. (A) 10 
equivalents compared to initiator; (B) 40 equivalents; (C) 100 equivalents. R: PBA. 
 
It is evident that a large excess of allyl alcohol (100 eq. compared to initiator) is needed to 
achieve good degree of substitution on both α- and ω-Br end groups. Indeed, an increase in 
intensity is observed for the minor distribution (corresponding to hydrogen termination on 
one halogen end group) as the amount of “end-capping” reagent is diminished.  
Nevertheless, the good yield of reaction makes allyl alcohol a promising candidate for the 
introduction of hydroxyl chain ends, as long as careful monitoring of the end group fidelity 
is performed. 
2.2.4 Reactivity of the hydroxyl chain ends 
 
The reactivity of the terminal alcohols was examined using isocyanates to further modify the 
terminal functionalities of the polymer chains. The reactivity between isocyanate and 
hydroxyl groups is well-studied.
54-57
 Thus, hydroxyl-terminated PBA (obtained by 
nucleophilic substitution with 2-mercaptoethanol) was reacted with an excess (40 eq.) of 
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phenyl isocyanate, in the presence of a tin(II) catalyst under anhydrous conditions, and 
monitored by 
1
H NMR, FT-IR and SEC analysis. The shift of the thioether –CH2 peaks and 
the appearance of the aromatic signals at 7.3 ppm corresponding to the phenyl ring confirms 
the incorporation of the urethane group (Figure 2.15). Moreover, the comparison of the 
integrations of CH2 peaks (3.8 ppm, 4H) to the phenyl peaks (6.8-7.6 ppm, 10H) suggests 
near quantitative urethane formation.  
 
Figure 2.15. 
1
H NMR (CDCl3, 400 MHz) of ‘end-capped’ α,ω-hydroxyl terminated 
poly(n-butyl acrylate) (Mn= 3600 g.mol
-1
, Ð= 1.09) with phenyl isocyanate.  
 
Additional evidence for the chain end modification was elicited from FT-IR analysis. The 
isocyanate band (2275-2250 cm
-1
) was found to gradually decrease throughout the reaction, 
coinciding with the evolution of a urethane stretch (1650 cm
-1
) and appearance of the 
aromatic signals (1540 cm
-1
). The absence of remaining isocyanates or hydroxyl signals 
confirms successful modification of the α,ω-terminal hydroxyl groups (Figure 2.16).  
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Figure 2.16. FT-IR of α,ω-hydroxyl terminated poly(n-butyl acrylate) before (bottom) 
and after ‘end-capping’ with phenyl isocyanate (top).  
 
The incorporation of the isocyanate onto the polymer chain ends was also verified by SEC 
equipped with sequential RI and UV detectors (λ=280 nm). The coincidence of the peaks 
obtained from both detectors confirms the addition of the phenyl ring throughout the 
molecular weight distribution (Figure 2.17).  
 
Figure 2.17. SEC traces (DMF eluent) of α,ω-hydroxyl terminated poly(n-butyl 
acrylate) (Mn= 2300 g.mol
-1
, Ð= 1.10) before (black) and after ‘end-capping’ with 
phenyl isocyanate (blue). Normalised dw/dlogM response (left) and UV response at λ= 
280 nm (mV, right). 
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The reactivity of the hydroxyl group was also used to initiate a ring-opening polymerisation 
of the cyclic lactone ε-caprolactone (ε-CL) as an alternative route to synthesising BAB 
triblock copolymers. ROP is considerably more sensitive than Cu(0)-mediated 
polymerisation; therefore, all reagents and solvents were stringently dried prior to reaction to 
minimize the chance of side reactions. The polymerisation was monitored by 
1
H NMR, 
using the appearance of the peaks at 3.9 and 2.2 ppm corresponding to the α,ω–CH2 of the 
ring-opened ε-caprolactone (Figure 2.18). The complementary SEC analysis revealed a shift 
to higher molecular weight values and the final obtained molecular weight was close to the 
calculated value by 
1
H NMR. Nevertheless, the dispersity of the PCL-b-PBA-b-PCL triblock 
copolymer was found to increase (Ð> 1.2) reflecting a loss of control during the ring 
opening process. This could be attributed to the presence of moisture, as water can 
competitively initiate polymerisation, or inaccuracies in the calculated stoichiometries (that 
would arise from termination in the homopolymerisation beforehand) both of which result in 
a loss of integrity of the targeted triblocks and highlight the importance of maximum 
retention of the α,ω-hydroxyl end groups. 
 
Figure 2.18. (Left) 
1
H NMR (CDCl3, 400 MHz) of poly(ε-caprolactone)-b-poly(n-butyl 
acrylate)-b-poly(ε-caprolactone) (Mn= 5800 g.mol
-1
, Ð= 1.4). (Right) SEC traces 
(CHCl3 eluent) of α,ω-hydroxyl terminated poly(n-butyl acrylate) (Mn= 3600 g.mol
-1
, 
Ð= 1.09) before [blue] and after ring-opening of ε-caprolactone (Mn= 5800 g.mol
-1
, Ð= 
1.4) [orange]. 
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However, the current analyses do not confirm that a triblock copolymer is obtained with 
absolute certainty. Consequently, Diffusion-Ordered Spectroscopy (DOSY) NMR,
58
 which 
separates moieties depending on their diffusion coefficients, was performed. Pleasingly, a 
single distribution is observed in diffusion, corresponding to a unique (supra)molecular 
domain, thus confirming the presence of a block copolymer instead of a mixture of 
homopolymers (figure 2.19). 
 
Figure 2.19. DOSY (CDCl3, 500 MHz) of poly(ε-caprolactone)-b-poly(n-butyl 
acrylate)-b-poly(ε-caprolactone) (Mn= 5800 g.mol
-1
, Ð=1.4). 
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2.3  Conclusions 
  
Cu(0)-mediated reversible-deactivation radical polymerisation has been exploited to prepare 
hydrophobic, hydrophilic and amphiphilic telechelic polymers with excellent α,ω-end 
groups functionality. The high end group fidelity has been confirmed both through 
characterisation (NMR, SEC, MALDI-ToF MS) and experimentally by sequential monomer 
addition and thio-bromine substitutions at the α,ω-bromide chain ends. Subsequent 
incorporation of hydroxyl end groups furnishes prepolymers capable of initiating ring-
opening polymerisation of ε-caprolactone and also possess the expected reactivity towards 
isocyanates. The combination of all of the results enhances the use of telechelics as 
prepolymers to generate functional materials.  
2.4   Experimental 
2.4.1 Materials 
 
n-Butyl acrylate (n-BA, 99 %, Sigma-Aldrich), poly(ethylene glycol) methyl ether acrylate 
(PEGA480, av. Mn= 480 g.mol
-1
 , Sigma-Aldrich), dimethylsulfoxide (DMSO, reagent grade, 
Fisher scientific), dimethylformamide (DMF, reagent grade, Fisher scientific), 
tetrahydrofuran (THF, reagent grade, Fisher scientific), 2-mercaptoethanol (99 %, Sigma-
Aldrich), 1-dodecanethiol (98 %, Sigma-Aldrich) and copper(II) bromide (98 %, Sigma-
Aldrich) were used as received without further purification.  Copper(0) wire (Ø 0.25 mm) 
was pre-treated by washing in hydrochloric acid (35 %) for 10 minutes, then rinsed with 
acetone, dried under nitrogen and used immediately. N,N,N’,N’,N’’,N’’-Hexamethyl-
[tris(aminoethyl)amine] (Me6-TREN) was synthesised according to a reported procedure,
59
 
deoxygenated and stored at 4°C under nitrogen prior to use. ε-Caprolactone (97 %, Sigma-
Aldrich) was distilled under reduced pressure and stored under nitrogen at 4°C prior to use.  
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All other reagents and solvents were obtained at the highest purity available from Sigma-
Aldrich, Fisher Chemicals, or VWR and used without further purification unless specified 
otherwise. 
2.4.2 Characterisation 
 
1
H, 
13
C NMR spectra were recorded on Bruker ACF-250, DPX-300 and DPX-400 
spectrometers using deuterated solvents obtained from Sigma-Aldrich. DOSY NMR was 
performed on AV-500 spectrometer with the kind help of Robert Perry. IR spectra were 
collected on a Bruker VECTOR-22 FT-IR spectrometer using a Golden Gate diamond 
attenuated reflection cell. ESI-MS data were collected in positive mode, using a Bruker HCT 
Ultra ESI spectrometer. MALDI-ToF MS spectra were recorded in reflection mode on a 
Bruker Daltonics Ultraflex II MALDI-ToF mass spectrometer, equipped with a nitrogen 
laser delivering 2 ns laser pulses at 337 nm with positive ion ToF detection performed using 
an accelerating voltage of 25 kV. The matrix solution was prepared by dissolving trans-2-[3-
(4-tertbutylphenyl)-2-methyl-2-propenylidene] malononitrile (DCTB) in THF (200 mg/mL). 
Sodium iodide was dissolved in THF (2 mg/ mL). Polymer samples were dissolved in THF 
(1 to 5 mg/mL). Samples were prepared by mixing 5 μL of polymer solution, 5 μL of salt 
solution and 20 μL of matrix solution. Calibration was performed with a poly(ethylene 
glycol) methyl ether acrylate Mn= 1100 g.mol
-1
 standard. SEC using a CHCl3 eluent (+ 2 % 
v/v) was carried out at 30°C on a Varian 390-LC system, equipped with 2 × PLgel 5 mm 
mixed D columns (300 × 7.5 mm), 1 × PLgel 5 mm guard column (50 × 7.5 mm), 
autosampler and a refractive index detector. DMF SEC traces were obtained on a Varian 
390-LC system using a DMF (+5 mM NH4BH4) eluent at 50°C, equipped with refractive 
index, UV and viscometry detectors, 2 × PLgel 5 mm mixed D columns (300 × 7.5 mm), 1 × 
PLgel 5 mm guard column (50 × 7.5 mm) and autosampler. Narrow linear poly (methyl 
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methacrylate) standards in range of 200 to 1.0 × 10
6
 g·mol
-1
 were used to calibrate the 
system. All samples were passed through 0.45 µm PTFE filter before analysis.  
Optical microscopy analysis was performed with Dr. Gabit Nurumbetov, using a LEICA 
DM2500 microscope equipped with a Nikon D5100 DSLR camera. Mean diameter of the 
polymer micelles, coefficient of variation and normal distribution values were calculated by 
analysing images in ImageJ® software. 
2.4.3 Initiator synthesis 
 
NMR (
1
H and 
13
C) and FT-IR spectra can be visualized in appendix A. 
2.4.3.1 Synthesis of ethylene bis(2-bromoisobutyrate) 
 
The synthesis was adapted from a reported procedure.
50
 To a 2 L 3 neck RB flask equipped 
with a magnetic stirring bar and a dropping funnel ethylene glycol (8 mL, 0.14 mol) was 
added under nitrogen. Anhydrous dichloromethane (700 mL) was cannulated into the flask 
and triethylamine (60 mL, 3 eq.) was added to the reaction mixture via a deoxygenated 
syringe and allowed to cool to 0 °C. 2-Bromoisobutyryl bromide (37.6 mL, 2.5 eq.) was 
added dropwise under nitrogen (over the course of one hour). Subsequently, the reaction 
mixture was allowed to stir at 0 °C for one hour and at ambient temperature overnight. The 
mixture was filtered and the volatiles removed by rotary evaporation. The resulting brown 
solution was dissolved in chloroform (300 mL) and treated with 1M HCl solution (250 mL), 
saturated NaHCO3 solution (250 mL) and deionised water (3 x 250 mL). The organic layer 
were dried over anhydrous MgSO4 and passed twice through a basic activated alumina oxide 
column. The volatiles were removed in vacuo to give a light brown solid (40.66 g, 78 % 
yield).  
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1
H NMR (CDCl3, 400 MHz), δ (ppm): 4.37 (s, 4H, RO-(CH2)2-OR) and 1.87 (s, 12H, -
(CH3)2).
13
C NMR (CDCl3, 100 MHz), δ (ppm): 63.2 and 30.7. IR (ν, cm
-1
): 3000 (C-H 
stretch) 1750 (O-CO-R), 1380 (-(CH3)2), 1300 (CH stretch), 1200 (CH stretch). HRMS (ESI; 
m/z, Da): [M + Na
+
] 382.9 (382.94 th).  
2.4.3.2 Synthesis of bis[2-(2-bromoisobutyryloxy)ethyl] disulfide [DSDBr] 
 
The synthesis of DSDBr was conducted according to a reported procedure.
60
 
1
H NMR (CDCl3, 400 MHz), δ (ppm): 4.45 (t, 4H, J=6.5 Hz, RO-CH2-), 2.99 (t, 4H, J=6.5 
Hz, -CH2-SR) and 1.95 (s, 12H, -(CH3)2).
13
C NMR (CDCl3, 100 MHz), δ (ppm): 63.5, 36.7 
and 30.7. FT-IR (ν, cm-1): 3000 (C-H stretch) 1750 (O-CO-R), 1380 (-(CH3)2), 1300 (CH 
stretch), 1200 (CH stretch), 510 (RS-SR). HRMS (ESI, m/z, Da): [M + Na
+
] 474.8 (474.9 
Th). 
2.4.4 General procedures 
 
13
C NMR can be visualized in appendix A. 
2.4.4.1 Cu(0)-mediated polymerisation of acrylates in organic solvents 
 
This procedure is generic for both the polymerisation of n-BA and PEGA480 in various 
solvents. The polymerisation of n-BA with ethylene bis(2-bromoisobutyrate) initiator in 
DMSO is described. In an oven dried Schlenk tube ethylene bis(2-bromoisobutyrate) (0.5 g, 
1.39 mmol), copper(II) bromide (15.5 mg, 0.05 eq.), n-BA (7.96 mL, 40 eq.) and DMSO (8 
mL) were added. The stirring bar with the pre-activated copper wire was subsequently added 
and the Schlenk tube sealed with a rubber septum. The reaction was kept stirring with 
nitrogen sparging for 10 min prior to addition of Me6-TREN ligand (75 μL, 0.18 eq.) via a 
Chapter 2.  Synthesis and reactivity of α,ω-homotelechelic polyacrylates by Cu(0)-
mediated reversible deactivation radical polymerisation 
 
 
Alexandre Simula 81 
 
deoxygenated microsyringe and the reaction was left to polymerise at ambient temperature 
(25°C). Samples of the reaction mixture were taken periodically for 
1
H NMR, SEC and 
MALDI-ToF MS analysis. Samples were passed through a basic alumina oxide column to 
remove metal salts prior any analysis. Samples for 
1
H NMR were diluted in deuterated 
chloroform while the samples for SEC were diluted in the corresponding eluent. Chain 
extension was performed by injecting a pre-deoxygenated aliquot of monomer in DMSO 
(50% v/v) to the reaction mixture via a deoxygenated syringe. 
2.4.4.2 Nucleophilic substitution of polymer end groups with 2-
mercaptoethanol 
 
Following the polymerisation, poly(n-BA) was used without further modification, which 
was possible due to the phase separation of the polymer from the catalyst. Poly(n-BA) (0.5 
g, 0.14 mmol, Mn= 3500 g.mol
-1
) was charged to a vial fitted with a magnetic stirring bar 
and a rubber septum with THF (5 mL), triethylamine (1 mL, 50 eq.) and 2-mercaptoethanol 
(500 μL, 50 eq.). The reaction mixture was left to stir overnight at ambient temperature. 
After filtration, the volatiles were removed by rotary evaporation and the remaining product 
analysed by 
1
H NMR and SEC analysis. The remaining thiols were removed by dialysis 
against 2-isopropanol (IPA, MWCO 1 kDa) and the product isolated under vacuum prior to 
analysis by 
1
H , 
13
C NMR and MALDI-ToF MS. 
2.4.4.3 End-capping with allyl alcohol 
 
Following the polymerisation of n-BA in IPA (see section 2.4.4.1), allyl alcohol (100 eq. 
compared to initiator) was injected to the reaction medium via a deoxygenated syringe and 
the mixture was left to stir at ambient temperature overnight. Subsequently, the volatiles 
were removed by reduced pressure to yield the α,ω-OH terminated polymer. 
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2.4.4.4 Nucleophilic substitution of the polymer end groups with dodecanethiol.  
 
Following polymerisation poly(PEGA480) (10 g, 1.40 mmol, Mn= 7100 g.mol
-1
) was diluted 
in THF (20 mL) and passed through a basic activated alumina column to remove metal salts. 
The solution was placed in a 50 mL RB flask fitted with a magnetic stirring bar and a rubber 
septum. Triethylamine (9.8 mL, 50 eq.) and dodecanethiol (4.9 mL, 50 eq.) were added to 
the solution and left to stir overnight at ambient temperature. After filtration, the solution 
was dialysed over water (MWCO 1 kDa) overnight. One part of the solution was analysed 
by optical microscopy, while the remainder was freeze dried prior to analysis by 
1
H, 
13
C 
NMR and SEC.  
 
2.4.4.5 Phenyl isocyanate modification. 
 
α,ω-Hydroxyl terminated PBA (Mn= 3600 g.mol
-1
, 0.5 g, 0.28 mmol) was added to a 50 mL 
RB flask equipped with a magnetic stirring bar and a rubber septum. The polymer was 
isolated by removal of volatiles under vacuum at 70°C overnight before anhydrous DMF (10 
mL) was added under nitrogen flow. The mixture was deoxygenated using 3 freeze-pump 
thaw cycles. Phenyl isocyanate (604 μL, 40 eq.) and dibutyltin dilaurate (3 drops) were 
added via a deoxygenated syringe. The reaction mixture was placed in an oil bath at 60°C 
and left to stir for 9h. Following the reaction, the polymer was isolated by removal of 
volatiles under vacuum at 70°C overnight. The success of the functionalisation of the 
hydroxyl end groups was assessed by FT-IR, SEC, 
1
H , 
13
C NMR and MALDI-ToF MS. 
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2.4.4.6 Ring-Opening polymerisation of ε-caprolactone initiated by α,ω-
hydroxyl terminated poly(n-BA) 
 
This procedure is adapted from Zhang et al.
61
 In an oven dried Schlenk tube, OH-terminated 
PBA (Mn= 3600 g.mol
-1
, 0.5 g, 0.28 mmol) was dried at 70°C under vacuum for one day. ε-
Caprolactone (308 μL, 20 eq.) was added to the polyol followed by three evacuation/N2 
refilling cycles. Stannous octanoate (36 mg, 0.65 eq.) was dissolved in anhydrous toluene (2 
mL) in a vial and the mixture injected into the Schlenk tube via a deoxygenated syringe and 
the evacuation/N2 refilling cycles repeated three times. The reaction mixture was left to stir 
at 120°C under nitrogen for 12 hours. Subsequently, the polymer mixture was dialysed 
(MWCO 3.5 kDa) against MeOH/H2O 9/1 v/v and isolated by rotary evaporation. The 
copolymer was analysed by 
1
H, 
13
C NMR, DOSY and SEC. 
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Chapter 3 
 
Synthesis of well-defined α,ω-telechelic multiblock copolymers in 
aqueous medium: In situ generation of α,ω-diols 
 
 
 The synthesis of well -defined α,ω-dihydroxyl telechelic multiblock copolymers by 
sequential in situ chain extensions via aqueous Cu(0)-mediated RDRP (SET-LRP) is reported.  
The rapid disproportionation of Cu(I)Br in the presence of Me 6-TREN in water has been 
exploited to generate Cu(0) and [Cu I I(Me6-TREN)Br]Br in situ, resulting in rapid reaction 
rates and narrow molecular weight distributions. Under optimised conditions, a telechelic 
heptablock copolymer was obtained within 2 hours with a fi nal dispersity of ~ 1.1 while the 
monomer conversion was > 99% for each block. A range of acrylamides and acrylates have 
been successfully incorporated within the same polymer backbone, including N -
isopropylacrylamide (NIPAAm), N,N-diethylacrylamide (DEA), N,N-dimethylacrylamide 
(DMA) and poly(ethylene glycol) methyl ether acrylate (PEGA 48 0).  The thermo-responsive 
nature of these materials was subsequently demonstrated via cloud point measurements as 
both a function of molecular weight and backbone function ality. In addition, the typically 
unwanted hydrolysis of the α - and ω- end groups in aqueous media was further exploited via 
isocyanate post -polymerisation modifications to alter the end -group functionality.  
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3.1   Introduction 
 
In the previous chapter, the synthesis of hydrophilic and hydrophobic polyacrylates was 
thoroughly investigated utilising Cu(0)-mediated polymerisation in organic media. It 
subsequently came to light that utilising Cu(0) as the primary copper source could be 
advantageous for the design of functional telechelics. Indeed, the high retention of both 
halide end-group(s) fidelity and narrow molecular weight distributions allows the formation 
of amphiphiles and/or macrodiols which can be further reacted, yielding various materials. 
Thus, utilising this robust technique for the synthesis of more sophisticated architectures 
including stimuli-responsive hydrogels,
1
 double-hydrophilic (co)polymers
2
 and organized 
nanostructures
3
 (such as micelles,
4
 flower-like micelles,
5-7
 vesicles, polymersomes) would be 
highly desirable. Such architectures can be obtained using functional initiators and post-
polymerisation modifications.
8
 Towards this, the use of bi-functional entities could 
maximize the time limit arising from chain-end hydrolysis
9, 10
 in aqueous medium as more 
functionality can be introduced upon each monomer addition.
11
 Nevertheless, the use of such 
initiators is rather challenging in water, considering the high rate of termination due to the 
increase in number of generated radicals. The controlled incorporation of different 
hydrophilic and/or thermo-responsive monomers such as poly(ethylene glycol) methyl ether 
acrylate (PEGA480), N-isopropylacrylamide (NIPAAm), N,N-dimethylacrylamide (DMA) 
and N,N-diethylacrylamide (DEA) into the same polymer backbone is highly desirable and 
has not yet been realised via a copper-mediated polymerisation process. 
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3.1.1 Current limitations of copper-mediated polymerisation in 
aqueous medium 
 
The synthesis of acrylamide, acrylate or methacrylate based polymers has been widely 
reported using NMP,
12
 RAFT
13
 and TMM-RDRP
14, 15
 in organic solvents. However, the 
introduction of water in the solvent composition has proved to be challenging, as the control 
over the molecular weight distributions is often difficult to retain, especially in copper 
mediated-RDRP polymerisations, due to a reported increase in termination events.
16, 17
 
Undesired side reactions, such as reversible dissociation and substitution of the halide ligand 
from the Cu(II) complex can occur, resulting in inefficient deactivation of a growing 
polymer chain and loss of control.
18
 Moreover, additional side reactions are commonly 
reported in water, such as loss of end group fidelity via hydrolysis (Scheme 3.1).
9, 19
  
 
Scheme 3.1. Hydrolysis of halide end-group via cyclisation of the penultimate unit.
9, 19
 
 
Numerous optimisations in both aqueous solutions and organic solvents have been 
conducted to diminish side reactions and retain narrow MWD and high end group(s) fidelity, 
mainly by in situ regeneration of the transition metal catalyst by various stimuli.
20
 Several 
transition-metal mediated techniques (ICAR-ATRP, e-ATRP, ARGET-ATRP, SARA-ATRP 
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and SET-LRP)
21-40
 have proved to be powerful tools, yielding functional macromolecular 
structures in various solvents. Nevertheless, the synthesis of bio-compatible monomers such 
as NIPAAm and/or other acrylamides has remained a challenge in water.
9, 19, 41, 42
 Indeed, the 
use of highly polar organic solvents (alcohols and DMF preferentially) or binary mixtures 
with water are necessary to achieve good control over the molecular weight distributions 
under standard ATRP conditions.  
It was demonstrated in the previous chapters (see section 1.2.5.2.3) and in recent 
publications
37, 43
 that exploiting the rapid and quantitative disproportionation of Cu(I)Br in 
the presence of the N-donor aliphatic ligand Me6-TREN, in water
37, 44
 and complex aqueous 
mixtures
45, 46
 prior to polymerisation yields poly(acrylates) and pleasingly, 
poly(acrylamides) with an excellent degree of control. However, this tool has not been 
exploited for the design of telechelics with tailored stimuli-responsive behaviour.  
3.1.2 Thermo-responsive materials 
 
Functional monomers such as NIPAAm have been extensively incorporated in (co)polymer 
compositions for their interesting phase transition at elevated temperatures. Indeed, 
following early reports in 1963,
47
 as well as Scarpa et al report in 1967
48
 and the more 
detailed investigation from Heskins and Guillet in 1968 on the aqueous solution properties 
of poly(NIPAAm) (PNIPAAm),
49
 this hydrophilic polymer has received enormous 
attention.
50
 The concept of a polymer that is soluble in a medium until reaching a critical 
solution temperature is commonly referred to as lower critical solution temperature (LCST, 
scheme 3.2). The change in solubility of the polymer, here PNIPAAm, is due to an 
entropically favourable coil-to-globule transition. This effect is driven by the expulsion of 
water molecules associated with the polymer and the formation of hydrogen bonds.
49
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Scheme 3.2. Representative scheme of lower critical solution temperature (LCST) 
transition.   
 
For instance, the LCST of PNIPAAm has been observed for temperature in the range 32-
35°C, which becomes of interest considering its proximity to body temperature. 
Nevertheless, the LCST transition can be influenced by several polymer properties, such as 
molecular weight (MW),
51
 stereochemistry,
52
 co-solvency,
53
 ionic strength
54, 55
 and monomer 
composition.  
The facile tuning of the reversible thermally-induced transition, providing access to the rapid 
synthesis of “smart-materials” has attracted significant interest, especially in biomedical 
applications,
56
 from tissue engineering to biosensing. Thus, studies have been conducted in 
to the design of macromolecular architectures
57, 58
 through side chain functionalities and end-
group modifications, in order to manipulate the LCST, as small changes can have a 
significant effect on the performance of the material.
59
  
It is evident that the full understanding and presentation of the concept of LCST transition 
and uses of thermo-responsive polymers requires more than short paragraphs. However, this 
is not the main focus of this work, hence it will not be detailed further. Moreover, the coil-
to-globule transition temperature will be monitored through the recording of the cloud point 
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temperature (Tcp),
60
 as the influence of the weight fraction will not be fully investigated in 
this work. 
3.1.3 Motivation: towards multiblock copolymers 
 
The ability to tune the physical properties (e.g. LCST) of a polymer through the variation of 
monomer composition can be challenging and requires an adapted tool to yield well-defined 
multiblock copolymers. Perrier and co-workers have recently reported the synthesis of 
multiblock copolymers in both aqueous and organic media utilising an optimised RAFT 
approach.
61, 62
 Although different degrees of polymerisation have been achieved (DPn=3-100 
per block), the high reaction temperature (70°C) is not suitable for the polymerisation of 
thermo-responsive monomers in water (e.g. NIPAAm, DEA) that possess an LCST below 
70°C in aqueous solution. In addition, RAFT is limited to acrylamides as polymerisation of 
other monomers (e.g. acrylates) at these temperatures results in unwanted side reactions and 
unavoidable termination.
63, 64
 More recently, the same research group managed to lower the 
polymerisation temperature to 25°C, through the use of different radical initiator and 
additional reducing agents, which together act as a redox couple enabling radical 
(re)generation, to yield multiblock copolymers in aqueous medium.
65
 Hence, the 
incorporation of NIPAAm, PEGA480 and DEA in the copolymer composition became 
possible, with good control over the final molecular weight distributions (Ð~1.35). 
Copper-mediated RDRP approaches have attempted to address the issues arising from high 
temperatures, although only organic solvent systems were successfully employed.
66-68
 There 
is only one example in literature reporting the synthesis of multiblocks at ambient 
temperature or below in water and in this study only acrylamides were reported avoiding 
issues arising from different reactivity ratios (e.g. acrylamides and acrylates).
10
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In this present work, the versatility of aqueous SET-LRP is exploited for the polymerisation 
of hydrophilic and/or thermo-responsive monomers including PEGA480, NIPAAm, DEA and 
DMA in both aqueous and organic/aqueous mixtures (Scheme 3.3 and 3.5). Two different 
types of bi-functional initiators are employed to yield well-defined multiblock copolymers 
with narrow dispersity values (Ð < 1.19) and quantitative conversions (> 99 % by 
1
H NMR) 
by sequential monomer addition. Remarkably, both acrylates and acrylamides can be 
combined within the same polymer backbone, yielding a heptablock copolymer with narrow 
dispersity (> 99 % conversions, Ð< 1.11) in two hours. The LCST response of the 
copolymers
49, 69-71
 are further investigated as a function of molecular weight, monomer 
composition and chain-end functionalities. Moreover, the unavoidable hydrolysis of the 
halogen end groups has been exploited to incorporate additional functionalities via 
isocyanate coupling post-polymerisation. 
3.2   Results and discussion 
3.2.1. Polymerisations using a water insoluble initiator, ethylene bis(2-
bromoisobutyrate)  
 
The polymerisation of PEGA480 in water was attempted using the bi-functional initiator, 
ethylene bis(2-bromoisobutyrate) (see section 2.2.1). However, the solubility of the initiator 
in water proved to be limited and was rectified by the addition of a co-solvent, (up to a 50 % 
v/v ratio). 2-Isopropanol (IPA) became the co-solvent of choice due to low toxicity and high 
polarity, which was thought would minimize disruption of the disproportionation 
equilibrium of [Cu
I
(Me6-TREN)Br].  
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Scheme 3.3. Cu(0)-mediated polymerisation of PEGA480 and NIPAAm with bi-
functional initiator ethylene bis(2-bromoisobutyrate) in IPA/H2O 50 % v/v.  
 
In order to test this, UV-Vis NIR experiments were conducted, revealing quantitative 
disproportionation of [Cu
I
(Me6-TREN)Br] when a binary mixture of IPA and water (50 % 
v/v) was employed (Figure 3.1). The complex was allowed to disproportionate in water (15 
min) prior to polymerisation to ensure the rapid and quantitative formation of Cu(0) and 
[Cu
II
(Me6-TREN)Br]Br.   
 
Figure 3.1. Monitoring the disproportionation of Cu(I)Br in the presence of Me 6-TREN 
in 50% v/v IPA/H2O.  
 
Upon addition of monomer (PEGA480, DPn= 20), initiator and solvent (IPA/water), near 
quantitative monomer conversion (> 99%) and narrow molecular weight distributions (Mn= 
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5500 g.mol
-1
, Ð= 1.11) were observed within 2 hours, as evidenced by both 
1
H NMR and 
SEC (Figure 3.2). It is important to note that in comparison to mono-functional initiators, 
higher amounts of Cu(I)Br (which subsequently disproportionates yielding more deactivator 
[Cu
II
(Me6-TREN)Br]Br) are required in order to achieve good control over the molecular 
weight distribution due to the increase (2 fold) in the number of initiation sites. The 
[I]:[M]:[Me6-TREN]:[Cu(I)Br] was adjusted from 1:20:0.4:0.4 (typically employed for 
monofunctional initiators)
37
 to 1:20:0.4:0.8. The amount of ligand was maintained as an 
excess of ligand has been previously reported to compromise the end group fidelity due to 
termination events and side reactions.
17, 18, 72
  
 
Figure 3.2. Monitoring of the polymerisation of poly(ethylene glycol) methyl ether 
acrylate (av. Mn= 480 g.mol
-1
) in 50 % v/v IPA/H2O at 0°C after 2 hours, [I]:[M]:[Me6-
TREN]:[Cu(I)Br]= 1:8:0.4:0.8 initiated by ethylene bis(2-bromoisobutyrate); by 
1
H 
NMR (MeOD, 300 MHz, top) and SEC (DMF eluent, bottom).  
Chapter 3.  Synthesis of well-defined α,ω-telechelic multiblock copolymers in 
aqueous medium: In situ generation of α,ω-diols 
 
 
Alexandre Simula 95 
 
The polymerisation of PEGA480 was significantly slower than previously reported in pure 
water,
37
 suggesting that IPA was responsible for a retardation in the rate of polymerisation. 
Interestingly, the residual high molecular weight shoulder observed in chapter 2 when 
polymerising PEGA480 in DMSO (Cu(0)-wire at 25°C, see section 2.2.2) is not present under 
pre-disproportionation conditions at 0°C. Further discussions on the nature of this high 
molecular weight shoulder will be provided in section 4.2. Similar results with respect to 
rate of polymerisation (2 hours) were obtained when low molecular weight PNIPAAm were 
targeted, though high monomer conversions (92 % by 
1
H NMR) and narrow dispersities (Ð= 
1.11) were achieved (figure 3.3).  
 
Figure 3.3. Monitoring the polymerisation of N-isopropylacrylamide in 50% v/v 
IPA/H2O at 0°C, [I]:[M]:[Me6-TREN]:[Cu(I)Br]= 1:20:0.4:0.8 initiated by ethylene 
bis(2-bromoisobutyrate); after 2 hours by 
1
H NMR (MeOD, 400 MHz, top) and SEC 
(DMF eluent, bottom) 
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The simplicity of the reaction setup as well as the good control over the MWD was tested on 
a larger scale (~50 g scale), with similar degree of control retained. Noteworthy, the in situ 
monitoring of the reaction temperature revealed a significant exotherm (10°C) upon initiator 
and monomer addition (see appendix B).  
 
Figure 3.4. (Left) Disproportionation of Cu(I)Br in the presence of Me6-TREN in 
water. (Middle) Polymerisation of N-isopropylacrylamide [I]:[M]:[Me6-
TREN]:[Cu(I)Br]= 1:20:0.4:0.8 initiated by ethylene bis(2-bromoisobutyrate) in 
IPA/H2O 50% v/v. (Right) Lyophilized polymer after copper removal with Cuprisorb
™
 
resin. 
 
Interestingly, when higher molecular weights of PNIPAAm (Mn > 4000 g.mol
-1
) were 
targeted, the use of co-solvents had a detrimental effect, resulting in cessation of 
polymerisation. The insolubility of PNIPAAm in the selected alcoholic mixtures
46, 73, 74
 
results in phase separation of the polymer from the catalytic system. Consequently, 
investigations were carried out to lower the amount of alcoholic co-solvent. Unfortunately, 
the initiator was not fully soluble in mixtures of IPA and water lower than 50 % v/v which 
compromised the monomer conversion (< 90 %) for degrees of polymerisation greater than 
30 (Mn > 4000 g.mol
-1
). Moreover, at the end of the polymerisation, the reaction mixture was 
green suggesting the formation of Cu(II) species, while no visible Cu(0) was observed. This 
implies a large extend of termination events
33
 and compromises the control over the 
polymerisation in that particular solvent composition. 
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3.2.2. Polymerisation using a water soluble initiator, poly(ethylene glycol) 
bis(2-bromoisobutyrate) 
 
3.2.2.1 Synthesis of poly(ethylene glycol) bis(2-bromoisobutyrate) 
 
A second bi-functional, water soluble initiator derived from linear poly(ethylene glycol) 
(PEG, av. Mn= 1000 g.mol
-1
) was synthesised to overcome both solubility and precipitation 
issues. The telechelic initiator was obtained via esterification of the PEG hydroxyl ends. In 
order to unsure a minimal water contamination, the PEG was dissolved in toluene prior to an 
azeotropic distillation of the solvent.  
 
Scheme 3.4. Synthesis of poly(ethylene glycol) bis(2-bromoisobutyrate).  
 
Successful esterification was monitored by 
1
H NMR, revealing the appearance of –(CH3)2 
peaks at 1.9 ppm (300 MHz, CDCl3, figure 3.5). Moreover, MALDI-ToF MS confirmed the 
α,ω-Br telechelic nature of the initiator without any impurities.  
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Figure 3.5. 
1
H NMR (300 MHz, CDCl3, top left), 
13
C NMR (75 MHz, CDCl3, top right) 
and MALDI-ToF MS (bottom) spectrum of poly(ethylene glycol) bis(2-
bromoisobutyrate).
 
 
 
Similar mono-functional PEG ATRP/SET-LRP initiators have been widely studied for the 
synthesis of responsive block copolymers that self-assemble in micelles, vesicles and rods.
4
 
However, the synthesis of such functional macromolecules has been challenging by Cu-
mediated processes in aqueous systems
75
 due to enhanced termination events as discussed 
previously.
17
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3.2.2.2 Polymerisation of NIPAAm, in aqueous media 
 
The synthesised telechelic PEG macroinitiator was employed to investigate the aqueous 
polymerisation of NIPAAm.  
 
Scheme 3.5. Cu(0)-mediated polymerisation of NIPAAm, with bi-functional initiator 
poly(ethylene glycol) bis(2-bromoisobutyrate) (av. Mn= 1000 g.mol
-1
) in H2O. Possible 
hydrolysis routes according to references 9, 19 and 85.  
 
Unexpectedly, when a ratio [I]:[Me6-TREN]:[Cu(I)Br]= 1:0.4:0.8 was employed, relatively 
limited conversions were observed after 30 minutes (80 % by 
1
H NMR, Figure 3.6, Table 
3.1 entry 1), by comparing the integration of the vinyl peaks (δ = 6.5-5.5 ppm) to the 
PNIPAAm –(CH3)2 (δ = 1.1 ppm, 6H) in the 
1
H NMR spectrum.  
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Figure 3.6. NMR spectrum (D2O, 250 MHz) of poly(N-isopropylacrylamide)10-b-
poly(ethylene glycol)-b-poly(N-isopropylacrylamide)10  (80 % conv. by 
1
H NMR) using 
a lack of Me6-TREN ligand [I]:[M]:[Cu(I)Br]:[Me6-TREN]= 1:20:0.8:0.4. 
 
This result was unsatisfactory in our attempts to yield (multi)block copolymers without the 
use of any purification steps, as the monomer conversion was too limited. Thus, in order to 
enhance the polymerisation rate, the [Cu(I)Br]/[ligand] ratio was adjusted by slightly 
increasing the ligand concentration. The optimised ratio of [I]:[Me6-TREN]:[Cu(I)Br] = 
1:0.6:0.8 resulted in a pronounced increase of the polymerisation rate (> 99 % by 
1
H NMR 
in 30 minutes) while narrow dispersities were retained (Ð< 1.15) (Figure 3.7).  
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Figure 3.7. Disproportionation of Cu(I)Br in the presence of Me6-TREN to catalyse the 
polymerisation of N-isopropylacrylamide [I]:[M]:[Me6-TREN]:[Cu(I)Br]= 1:20:0.6:0.8 
with poly(ethylene glycol) bis(2-bromoisobutyrate) in H2O at 0°C. (A) Evolution of 
Ln([M]0/[M]) as a function of time. (B) Evolution of molecular weight (Mn obtained by 
DMF SEC) and dispersity (Ð=Mw/Mn) as a function of monomer conversion (by 
1
H 
NMR).  
 
When higher degrees of polymerisation were targeted (DPn= 160-320), higher 
concentrations of both ligand and copper were needed to retain control, in agreement with 
previously reported experiments.
37, 43
 When higher concentrations of just ligand were 
employed, poorer control over the molecular weight distributions was observed (Table 3.1, 
entry 3).  
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Table 3.1. Polymerisations of N-Isopropylacrylamide using poly(ethylene glycol) 
bis(2-bromoisobutyrate) in water at 0°C. 
 
Entry NIPAAm 
 DPn 
[I]:[CuBr]:[Me6-TREN] Conv. 
(%)
a
 
Mn 
(g.mol
-1
)
b
 
Mw/Mn 
1 20 [1]:[0.8]:[0.4] 80 n/a n/a 
2 20 [1]:[0.8]:[0.6] >99 5600 1.08 
3 20 [1]:[0.8]:[0.8] >99 6900 1.16 
4 40 [1]:[0.8]:[0.6] >99 7600 1.11 
5 80 [1]:[0.8]:[0.6] >99 12500 1.14 
6 160 [1]:[1.2]:[0.8] >99 20400 1.16 
7 320 [1]:[1.2]:[0.8] >99 34200 1.19 
a
 Determined by 
1
H NMR (250 MHz, CDCl3). 
b
 Determined by SEC (DMF + 5 mM NH4BH4) 
using PMMA standards. 
 
It is therefore evident that careful optimisation of ligand to copper concentration is required 
to achieve good control while maintaining a rapid polymerisation rate, as small changes can 
have unsatisfactory effects on the polymerisation. Pleasingly, near quantitative monomer 
conversions (> 99 % by 
1
H NMR) were attained within 30 minutes for various degrees of 
polymerisation of NIPAAm (DPn= 20-320) with SEC showing symmetrical narrow 
molecular weight distributions in all cases (Ð < 1.19, Figure 3.8).  
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Figure 3.8. Monitoring the polymerisation of N-isopropylacrylamide in H2O at 0°C 
after 30 minutes by 
1
H NMR (D2O, 250 MHz, left) and SEC traces (DMF eluent, right) 
using poly(ethylene glycol) bis(2-bromoisobutyrate). 
 
In order to probe the end group fidelity of the obtained telechelic poly(NIPAAm), a second 
aliquot of NIPAAm was added in situ at high conversion (first NIPAAm block, DPn = 80, > 
99 % conversion by 
1
H NMR after 30 minutes, Mn= 13800 g.mol
-1
, Ð= 1.17) without the 
need for purification steps prior to addition. Excellent control was observed (> 99 % 
conversion by 
1
H NMR, Mn = 24700 g.mol
-1
, Ð = 1.17) with the MWD shifting to higher 
molecular weight, albeit slight tailing is visible at low molecular weights (Figure 3.9), 
suggesting high retention of the α,ω-bromine end-groups throughout the polymerisation.  
 
Figure 3.9. Monitoring the chain extension of poly(N-isopropylacrylamide) in H2O at 
0°C (initiated by poly(ethylene glycol) bis(2-bromoisobutyrate)) with N-
isopropylacrylamide (DPn = 80); by 
1
H NMR (D2O, 250 MHz, left) and SEC (DMF 
eluent, right). 
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3.2.2.3 Synthesis of multiblock copolymers 
 
Since end group fidelity appeared to be high throughout polymerisation, and assuming that 
chain extension should occur in a reasonable timescale prior to hydrolysis,
10
 we were 
intrigued to test the potential towards multiple side chain functionalities via sequential 
addition processes. Secondary (NIPAAm), and tertiary (DMA, DEA) acrylamides as well as 
acrylates (PEGA480) show stimuli-responsive behaviour and are popular due to their 
commercial availability, ease of handling and breadth of understanding in functional 
macromolecular design. Thus, the effect of combining the properties of these monomers, via 
rapid and quantitative polymerisation in aqueous media, merited investigation. Firstly, the 
synthesis of acrylamide-based block copolymers was tested using the bi-functional PEG 
initiator. The high α,ω-bromide end group fidelity of the telechelic PNIPAAm structure 
enables the synthesis of well-defined PDEA4-5-b-PNIPAAm5-b-PEG-b-PNIPAAm5-b-
PDEA4-5 with near quantitative monomer conversion (> 98 %) and low dispersities (Ð< 
1.13, Figure 3.10), albeit residual shoulders at high molecular weight are observed.  
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Figure 3.10. Monitoring the chain extension of poly(N-isopropylacrylamide) in H2O at 
0°C with N,N-diethylacrylamide (DPn=9) by 
1
H NMR (D2O, 250 MHz, top). SEC traces 
(DMF eluent, bottom). 
 
Encouraged by these initial results, we were intrigued to test the versatility of the technique 
by combining acrylate and acrylamides (secondary and tertiary). Although, the incorporation 
of monomers that exhibit different reactivities (e.g. acrylates and acrylamides) is rather 
challenging, a well-defined telechelic heptablock copolymer DMA10-b-NIPAAm10-b-
PEGA480,10-b-PEG-b-PEGA480,10-b-NIPAAm10-b-DMA10 was obtained within two hours of 
reaction time. To the best of our knowledge, this is the first time that such a complex 
composition has been achieved within such a short time frame.  
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Figure 3.11. Monitoring the chain extension of poly[poly(ethylene glycol) methyl ether 
acrylate] in H2O at 0°C upon sequential addition of N-isopropylacrylamide and N,N-
dimethylacrylamide by 
1
H NMR (D2O, 250 MHz, top). SEC traces (DMF eluent, 
bottom) of multiblock copolymer PDMA10-b-PNIPAAm10-b-PPEGA480,10-b-PEG-b-
PPEGA480,10-b-PNIPAAm10-b-PDMA10. 
 
More importantly, the DMA10-b-NIPAAm10-b-PEGA480,10-b-PEG-b-PEGA480,10-b-
NIPAAm10-b-DMA10 heptablock copolymer presented excellent control over the molecular 
weight distributions for the final material (Ð< 1.11, Figure 3.11), while high monomer 
conversions were attained for each individual block (> 99 % by 
1
H NMR), prior to addition 
of the next monomer. Evidence of shoulder peaks can be observed in the SEC traces at high 
molecular weights (ascribed to the presence of diacrylates in the PEGA480).
76
 Tailing at low 
molecular weight can be attributed to the limited, yet visible, extend of contamination with 
mono-functional initiator traces considering the differences in Mp (8000 g.mol
-1
 and 14500 
Chapter 3.  Synthesis of well-defined α,ω-telechelic multiblock copolymers in 
aqueous medium: In situ generation of α,ω-diols 
 
 
Alexandre Simula 107 
 
g.mol
-1
 for the first block). It should be noted that such high detail in our system is visible 
due to the narrow molecular weight distributions. However, the successful integration of 
three different monomeric moieties highlights the high robustness and versatility of the 
polymerisation technique.  
3.2.2.4 Exploiting the hydrolysis of the α,ω-Br chain ends 
 
When the desired polymer composition is obtained and no additional monomer is injected, 
the halogen chain ends were left to hydrolyse
9, 51
 (over at least 8 hours) in the aqueous 
solution, resulting in dihydroxyl functional α,ω-end groups. So far, the unavoidable 
termination via hydrolysis has been considered as a limitation of the polymerisations in 
aqueous media as the resulting macrodiol cannot re-initiate polymerisation (typically after a 
few hours).
10
 However, during this investigation the substitution of the α,ω-Br by water to 
form nucleophilic α,ω-OH enables the introduction of additional functionalities via reaction 
with monoisocyanates to the polymer end groups.
76, 77
  
 
 
Scheme 3.6. Hydrophobic modification of in situ generated α,ω-telechelic diol with n-
butyl isocyanate.  
 
The post-polymerisation modification is carried out in a dry organic solvent, avoiding the 
presence of air and residual water, utilising n-butyl isocyanate as the selected end-capping 
moiety (Scheme 3.6). After lyophilisation, the successful modification of the copolymer is 
examined by 
1
H NMR. The presence of butyl α,ω-chain ends is highlighted by the 
appearance of peaks at 2.17, 1.48, 1.17 and 0.87 ppm (Figure 3.12).  
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Figure 3.12. 
1
H NMR (d6-DMSO, 400 MHz) of n-butyl isocyanate modified poly(N-
isopropylacrylamide)10-b-poly(ethylene glycol)-b-poly(N-isopropylacrylamide)10 . 
 
Moreover, the comparison of the integration of the peaks at 2.17 ppm (HN-CH2-CH2-CH2-
CH3) and 0.87 ppm (HN-CH2-CH2-CH2-CH3) reveals 94 % end group fidelity by 
1
H NMR, 
which implies that 94 % of the chains were hydroxyl terminated prior to functionalisation 
(assuming all chains were α,ω–OH terminated). The remaining polymer chains are 
potentially terminated via combination, as noticed in previously reported studies.
37
 
3.2.2.5 Testing the copolymers thermo-responsive behaviours 
 
The preparation of multiblock copolymers with well-defined molecular composition allows 
for tuning the cloud point of PNIPAAm. Using the bi-functional PEG based initiator, macro-
diols containing secondary and tertiary acrylamides and/or acrylates were prepared. The 
LCST of NIPAAm based compounds has been widely studied,
49, 50
 and implemented into the 
design of thermo-responsive “smart” materials.78 The copolymerisation of the thermo-
responsive NIPAAm (LCST ~ 32-35°C) with a hydrophilic ‘spacer’ should increase the 
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cloud point temperature (Tcp) of the macrodiol, compared to PNIPAAm with a similar 
molecular weight (Tcp~ 41°C, Figure 3.13). In order to verify this, the influence of the 
molecular weight of poly(NIPAAm) on the Tcp was investigated. In this work, the cloud 
point temperature is extracted from the positive curvature point of the recorded turbidimetry 
by UV-Vis NIR spectroscopy at a specific wavelength (λ=650 nm, see section 3.4.7 for 
details). 
 
Figure 3.13. Cloud point recording of poly(N-isopropylacrylamide)30 initiated by 3-
dihydroxypropyl 2-bromo-2-methylpropanoate in H2O. 
 
The influence of the PNIPAAmn-b-PEG-b-PNIPAAmn (co)polymers (10 < n < 160) 
molecular weights on the LCST transition is shown in figure 3.13 and table 3.2. In order to 
have a more accurate understanding of the system, one has to take into account the influence 
of the sample concentration and the end group functionality (particularly for low molecular 
weight polymers) which can further affect the LCST transition.
79-81
 An increase in molecular 
weight of PNIPAAm block resulted in a decrease of Tcp (71.3 – 41.2 °C).  
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Figure 3.14. Cloud point recording of poly(N-isopropylacrylamide)-b-poly(ethylene 
glycol)-b-poly(N-isopropylacrylamide) in H2O with different degrees of polymerisation 
(1 mg.mL
-1
 solution). 
 
Furthermore, a decrease of the polymer solution concentration in water showed an increase 
in Tcp for all DPns investigated (Figure 3.15). Those evolutions of the LCST transition are 
common for homo and hetero-telechelic PNIPAAms of similar molar mass.
79
  
Chapter 3.  Synthesis of well-defined α,ω-telechelic multiblock copolymers in 
aqueous medium: In situ generation of α,ω-diols 
 
 
Alexandre Simula 111 
 
 
Figure 3.15. Evolution of the cloud point temperature of poly(N-isopropylacrylamide)-
b-poly(ethylene glycol)-b-poly(N-isopropylacrylamide) in H2O as a function of the 
observed molecular weight (SEC, DMF eluent) and the solution concentration.  
 
Subsequently, the influence of the presence of co-monomers on Tcp was investigated. 
Considering the high tolerance of our system towards acrylates and acrylamides, the thermo-
responsive and/or hydrophilic properties of each monomer were combined, as previously 
discussed, in the same polymer chain. Thus, the considerable difference in thermal 
properties of DEA (theoretical LCST ~ 33°C)
82
 and DMA (no LCST between 0-100°C)
83, 84
 
should have opposite effects on the LCST transition when included in the overall copolymer 
composition.  
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Figure 3.16. Modification of the cloud point temperature in H2O of a poly(N-
isopropylacrylamide)-b-poly(ethylene glycol)-b-poly(N-isoproylacrylamide) copolymer 
upon incorporation of additional backbone functionality. 
 
The turbidimetry curves highlight the effect of both co-monomers on the LCST transition 
temperature (Figure 3.16, Table 3.2 entries 6-8). The incorporation of DEA as a co-
monomer is expected to result in a decrease of Tcp. Indeed, the overall cloud point of a 
PDEA4-5-b-PNIPAAm10-b-PEG-b-PNIPAAm10-b-PDEA4-5 decreases from 71.3 °C 
(PNIPAAm10-b-PEG-b-PNIPAAm10) to 52.5 °C. Thus, it is shown that the composition of 
the copolymer can have a significant impact on Tcp. The incorporation of DMA into the 
(co)polymer is expected to increase the overall LCST.  Within the limits of our instruments 
(5 °C < T < 90 °C), the temperature transition could not be observed, suggesting an increase 
of the LSCT beyond our upper temperature limit. Nevertheless, one could tune the stimuli-
responsive properties of a copolymer by simple addition of a co-monomer, depending on the 
final application of the supramolecular structure.  
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Table 3.2. Observed cloud point temperature for poly(N-isopropylacrylamide) based 
copolymers.  
 
Entry Copolymer Mn 
(g.mol
-1
)
a
 
Ð 
a 
Conc. 
(mg/mL) 
Tcp 
(°C)
b
 
1 PNIPAAm30 6100 1.14 1 41 
2 PNIPAAm10-b-PEG-b-PNIPAAm10 5600 1.08 1 71.3 
3 PNIPAAm10-b-PEG-b-PNIPAAm10 5600 1.08 0.5 73.9 
4 PNIPAAm10-b-PEG-b-PNIPAAm10 5600 1.08 0.25 77.6 
5 butyl-PNIPAAm20-b-PEG-b-
PNIPAAm20-butyl 
n/a n/a 1 48.1 
6 PDMA5-6-b-PNIPAAm10-PEG-
PNIPAAm10-b-PDMA5-6 
7900 1.09 1 n/a 
7 PDEA4-5-b-PNIPAAm10-PEG-
PNIPAAm10-b-PDEA4-5 
7300 1.13 1 52.5 
8 PDMA5-6-b-PNIPAAm10-b-
PPEGA480,10-b-PEG-b-PPEGA480,10-
b-PNIPAAm10-b-PDMA5-6 
19600 1.11 1 n/a 
9 PNIPAAm20-b-PEG-b-PNIPAAm20 7800 1.11 1 56.9 
10 PNIPAAm40-b-PEG-b-PNIPAAm40 12500 1.14 1 46.8 
11 PNIPAAm80-b-PEG-b-PNIPAAm80 20400 1.16 1 43.2 
12 PNIPAAm160-b-PEG-b-
PNIPAAm160 
34200 1.19 1 41.2 
a
 Obtained by SEC (DMF + 5mM NH4BH4) over PMMA standards; 
b
 Extracted from the 
positive curvature point of the recorded turbidity curve. 
 
Following successful addition of monoisocyanates to the α- and ω-chain ends of the 
(co)polymer, the effect on Tcp was investigated. The change in the hydrophobicity of the 
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polymer end groups was expected to decrease the Tcp of the PNIPAAm10-b-PEG-b-
PNIPAAm10 triblock copolymer.  
 
Figure 3.17. Modification of the cloud point temperature in H2O of the 
hydrophobically modified poly(N-isopropylacrylamide)101-b-poly(ethylene glycol)-b-
poly(N-isopropylacrylamide)10 in H2O. 
 
The Tcp of a hydroxyl-terminated PNIPAAm10-b-PEG-b-PNIPAAm10 was recorded at 
71.3°C in water prior to modification. The modification of the chain ends with butyl 
isocyanate resulted in a decrease of Tcp to 48.1°C (Figure 3.17, Table 3.2 entry 5). This 
major decrease in Tcp (23.2°C) for the modified copolymer is more pronounced than 
previously reported for a non-telechelic PNIPAAm, modified via CuAAC post 
polymerisation
85
 (> 5°C) and is believed to be due to the telechelic nature of our materials 
and thus the introduction of two functionalities at the polymer chain ends.  It should be noted 
that the presence of multiple hydrophobic chain ends favours the phase separation of the 
copolymer from the solvent, inducing a significant decrease of Tcp.
86, 87
 Thus, the 
Chapter 3.  Synthesis of well-defined α,ω-telechelic multiblock copolymers in 
aqueous medium: In situ generation of α,ω-diols 
 
 
Alexandre Simula 115 
 
introduction of two hydrophobes instead of one induces a poorer miscibility of the 
copolymer in water, and a reduction of the copolymer mixing entropy via self-assembly 
(Appendix B), which increases the local copolymer concentration.
88
  
3.3   Conclusions 
 
In this chapter, the synthesis of α,ω-hydroxyl functionalized multiblock copolymers utilising 
a diversity of hydrophilic and/or thermo-responsive monomers including PEGA480, 
NIPAAm, DEA and DMA was investigated. Polymerisations were performed in aqueous 
and aqueous/organic mixtures, employing two different types of bi-functional initiators. 
Upon careful optimisation of the reaction conditions, narrow dispersed (Ð < 1.15) block 
copolymers were obtained in a near quantitative manner (>99% conversion by 
1
H NMR 
upon each monomer addition). Noteworthy, the synthesis of a well-defined heptablock 
copolymer consisting of both acrylamides and acrylates could also be achieved within only 
two hours of overall reaction time without any need for purification between the iterative 
additions. More importantly, hydrolysis of the polymer end groups after polymerisation was 
exploited to perform hydrophobic end group modification via isocyanate end-capping. 
Subsequently, the effect of the bi-functional initiator, multiblock composition and end group 
modification on the (co)polymer cloud point temperature was investigated in detail, paving 
the way for the rapid and facile synthesis of “smart” materials. 
3.4   Experimental 
3.4.1 Materials 
 
Previously used materials can be found in section 2.4.1. 
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N,N-dimethylacrylamide (DMA, 99%, Sigma-Aldrich), N,N-diethylacrylamide (DEA, 99%, 
Sigma-Aldrich), n-butyl isocyanate (>98%, Sigma-Aldrich), water (HPLC grade, VWR) 
were used as received without further purification. Cuprisorb
™
 resin was purchased from 
Seachem. Cu(I)Br (CuBr, 97%, Sigma-Aldrich) was purified according to the method of 
Keller and Wycoff,
89
 by washing sequentially with acetic acid glacial and ethanol and dried 
over reduced pressure. N-isopropylacrylamide (NIPAAm, 97%, Sigma-Aldrich) was 
recrystallized three times from n-hexane and dried over reduced pressure prior to use. 3-
dihydroxypropyl 2-bromo-2-methylpropanoate was synthesized according to a reported 
procedure.
16
 
3.4.2 Characterisation 
 
1
H, 
13
C NMR spectra were recorded on Bruker ACF-250, DPX-300 and DPX-400 
spectrometers using deuterated solvents obtained from Sigma-Aldrich.  
DMF SEC traces were obtained on a Varian 390-LC system using a DMF (+ 5 mM 
NH4BH4) eluent at 50°C, equipped with refractive index, UV and viscometry detectors, 2 × 
PLgel 5 mm mixed D columns (300 × 7.5 mm), 1 × PLgel 5 mm guard column (50 × 7.5 
mm) and autosampler. Narrow linear poly(methyl methacrylate) standards in range of 200 to 
1.0 × 10
6
 g·mol
-1
 were used to calibrate the system. All samples were passed through 0.45 
µm PTFE filter before analysis. Cloud point temperatures were recorded on an Agilent 
Technologies Cary 60 UV-Vis using a cuvette with 1cm path length. Dynamic light 
scattering (DLS) experiment were carried out at 25°C on a MALVERN Zetasizer instrument 
(backscattering angle 173°C)  using a plastic cuvette with 1 cm path length.  
3.4.3 Monitoring the disproportionation of [CuI(Me6-TREN)Br] in IPA/H2O 
50% v/v 
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The theoretical disproportionation curve was obtained by preparing a solution of Cu(II)Br2 
(91.48 mg, 0.41 mmol) in the presence of Me6-TREN (109.5 μL, 0.5 eq.) in IPA/H2O 50 % 
v/v, in a volumetric flask (25 mL ± 0.04 mL). The main solution was diluted in five 
concentrations (diluted 50 to 10 times) using volumetric flasks (5 mL ± 0.025 mL). 
Disproportionation was performed by adding Cu(I)Br (9.4 mg, 6.5 10
-5
 mol) to a solution of 
solvent (2 mL) and Me6-TREN (9 μL, 0.5 eq.), which was left to stir and deoxygenate with 
nitrogen for 15 minutes. Subsequently, the solution was filtered under nitrogen to remove 
any Cu(0) particles, and the filtrate diluted 10 times using a volumetric flask (5 mL ± 0.025 
mL). UV-Vis NIR spectrum was recorded using a quartz cuvette (path length 1 cm). 
3.4.4 Initiator synthesis 
 
Refer to sections 2.4.3.1 for ethylene bis(2-bromoisobutyrate) 
3.4.4.1 Synthesis of poly(ethylene glycol) bis(2-bromoisobutyrate) 
 
Poly(ethylene glycol) (av. Mn = 1000 g.mol
-1
, 15 g, 15 mmol) was charged in a 500 mL three 
neck RB flask equipped with a dropping funnel, magnetic stirring bar and rubber septa and 
left to deoxygenate under nitrogen for 30 mins. Anhydrous toluene (300 mL) was canulated 
into the flask and the mixture left to stir for 5 mins. Subsequently, 50 mL of solvent was 
distilled under reduced pressure. Triethylamine (5.2 mL, 2.5 eq.) was added to the solution 
via a deoxygenated syringe and the mixture placed in an ice bath. α-bromoisobutyryl 
bromide (4.6 mL, 2.5 eq.) was added dropwise via the dropping funnel. Upon complete 
addition, the mixture was left to stir at 0°C for 30 minutes and at ambient temperature 
overnight.  
The mixture was filtered, so as to remove the amine salt and the volatiles removed by rotary 
evaporation. The solid was dissolved in dichloromethane (150 mL) and washed three times 
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with a saturated solution of Na2CO3 (2* 75 mL). The organic phase was dried over MgSO4 
before the volatiles were removed by rotary evaporation to yield a light yellow liquid. The 
solid was dissolved in THF and precipitated twice in cold petroleum ether (60-80°C) to yield 
a light yellow solid (15.4 g, 84 % yield). 
1
H NMR (CDCl3, 300 MHz), δ (ppm): 4.33 (t, 4H, J1=9.6 Hz, J2=4.9Hz, CO-O-CH2-CH2), 
3.75 (t, 4H, J1=9.6 Hz, J2=4.9Hz, CO-O-CH2-CH2), 3.65 (s, 74H, -O-CH2-CH2) and 1.95 (s, 
12H, -(CH3)2). 
13
C NMR (CDCl3, 75 MHz), δ (ppm): 70.5, 68.7, 65.1 and 30.7. FT-IR (ν, 
cm
-1
): 3000 (C-H stretch) 1750 (O-CO-R), 1380 (-(CH3)2), 1300 (CH stretch), 1200 (CH 
stretch). HRMS (ESI, m/z, Da): [2M + Na
+
] 621.9 (DPn 18, 621.2 Th).  
 
3.4.5 Polymer synthesis 
3.4.5.1 Polymerisation in binary alcoholic mixtures, IPA/H2O 50% v/v 
 
This generic procedure is adapted from the Zhang et. al. procedure
37
 to yield telechelic 
polymers in a solvent/water system, where the [DPn]:[Cu(I)Br]:[ligand] ratios can be 
modified. To an oven dried Schlenk tube fitted with a magnetic stirring bar and rubber 
septum was added H2O (1.5 mL), Me6-TREN (29.5 μL, 0.4 eq.) and Cu(I)Br (31.8 mg, 0.8 
eq.). The solution was left to deoxygenate for 20 minutes with nitrogen and to stir for an 
extra 10 minutes. In a vial fitted with a rubber septum and magnetic stirring bar was charged 
with ethylene bis(2-bromoisobutyrate) (100 mg, 0.28 mmol), PEGA480 (978 μL, 8 eq.) and 
IPA:H2O 4:1 (2 mL). The mixture was left to stir until complete dissolution of the monomer 
(typically 2 minutes) and deoxygenated with nitrogen for 10 minutes. The solution was 
cannulated into the Schlenk tube and the reaction was left to polymerise at 0°C. 
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3.4.5.2 Polymerisation in aqueous medium and sequential additions in situ 
 
In this generic procedure for NIPAAm (DPn=20), the nature of the monomer and 
[DPn]:[Cu(I)Br]:[Me6-TREN] ratios can be modified, whilst the monomer concentration 
remains unchanged (20% w/w). To an oven dried Schlenk tube fitted with a magnetic stirring 
bar and rubber septum was added H2O (1.5 mL), Me6-TREN (13 μL, 0.6 eq.) and Cu(I)Br 
(9.4 mg, 0.8 eq.). The solution was left to deoxygenate with nitrogen for 20 minutes and to 
stir for an extra 10 minutes. In a vial fitted with a rubber septum and magnetic stirring bar 
was charged with poly(ethylene glycol) bis(2-bromoisobutyrate) (100 mg, 8.1 10
-5
 mol), 
NIPAAm (185 mg, 20 eq.) and H2O (1.5 mL). The mixture was left to stir until complete 
dissolution of the monomer (typically 2 minutes) and deoxygenated with nitrogen for 10 
minutes. The solution was cannulated into the Schlenk tube and the reaction was left to 
polymerise at 0°C. 
Sequential addition was performed by cannulating a pre-deoxygenated solution of monomer 
and solvent (20 % w/w) into the reaction vessel at quantitative conversion of the previous 
block (>99 % by 
1
H NMR).  
3.4.6 Hydrophobic modification via n-butyl isocyanate end-capping 
 
α,ω-Hydroxyl terminated poly(NIPAAm) (Mn= 5600 g.mol
-1
, 50 mg, 8.9 10
-6
 mol) was 
added to a 50 mL RB flask equipped with a magnetic stirring bar and a rubber septum. The 
polymer was dried under vacuum at 70°C overnight before anhydrous DMF (10 mL) was 
added under nitrogen flow. Butyl isocyanate (40 μL, 40 eq.)  and dibutyltin dilaureate (3 
drops) were added via a deoxygenated syringe. The reaction mixture was placed in an oil 
bath at 60°C and left to stir for 9h. Following the reaction, the solution was dialyzed over 
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deionized water (MWCO 3.5 kDa) for one week. The success of the functionalisation of the 
hydroxyl end groups was assessed by 
1
H NMR and COSY (See Appendix B for COSY).  
3.4.7 Cloud point recording by UV-Vis spectroscopy 
 
A solution of 1 mg/mL of (co)polymer in deionised water was prepared and left to stir for 2 
hours at ambient temperature. Subsequently 1 mL of the solution was placed in a plastic 
cuvette and left to equilibrate at 20°C for 5 minutes into the UV-Vis spectrometer. A 
temperature ramp from 20°C to 90°C was then applied with a gradient of 1°C/min and the 
absorbance recorded at λ=650 nm. 
The cloud point temperature was then extracted from positive curvature point of the 
recorded curve. 
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Chapter 4 
 
The importance of ligand, solvent and Cu(0) source on the efficient 
(co)polymerisation of polyether acrylates and methacrylates in 
aqueous and organic media 
 
 The synthesis of well -defined telechelic polyacrylates and polymethacrylates in 
organic and aqueous media via Cu(0) -mediated reversible-deactivation radical 
polymerisation is investigated. Poly(ethylene glycol) methyl ether acrylate (PEGA 480) and 
poly(ethylene glycol) methyl ether methacrylate (PEGMA 47 5) are used as exemplar monomers 
to determine the optimum polymerisation conditions for the rapid, controlled and quantitative 
production of both homopolymers and block copolymers. The effect of the copper source (i.e.  
Cu(0)-wire or Cu(0) particles), the ligand (e.g. Me 6-TREN or PMDETA) and the solvent (e.g.  
H2O or DMSO) on the polymerisation of acrylates and methacrylates has been evaluated. 
Under carefully optimized conditions, narrowly distribu ted polymethacrylates homopolymers 
can be obtained in a quantitative manner (>  98% conversion) within 30 min of polymerisation 
with very high end-group fidelity, exemplified by in situ chain extensions; hence highlighting 
the importance of the appropriate combination of the monomer with a compatible ligand, 
copper source, solvent and polymerisation technique.  
.  
Chapter 4.  The importance of ligand, solvent and Cu(0) source on the efficient 
(co)polymerisation of polyether acrylates and methacrylates in aqueous and organic 
media 
 
 
Alexandre Simula 125 
 
4.1   Introduction 
 
In chapter 3, the versatility of Cu(0)-mediated polymerisation in aqueous media to yield 
well-defined telechelic macromolecules was discussed. The complete pre-disproportionation 
of [Cu
I
(Me6-TREN)Br] in water into Cu(0) particles and [Cu
II
(Me6-TREN)Br]Br was 
exploited prior to monomer and initiator addition to yield bi-functional polyacrylates and 
polyacrylamides with unprecedented control over the MWD.
1
 More importantly, the α,ω-Br 
chain ends could be retained within the time scale of polymerisation to yield multiblock 
copolymers with high tolerance over the backbone functionality.
2
 Subsequently, the halide 
end groups undergo hydrolysis, yielding stimuli-responsive diols in situ.
3
 This robust tool 
completed previous investigations on the design of functional telechelics in organic solvents 
(e.g. DMSO, IPA) utilising Cu(0)-wire as a primary copper source. 
4
 
However, the majority of the aforementioned reports are associated with the polymerisation 
of monomers with high kp such as acrylates and acrylamides, whilst reports on the 
polymerisation of monomers with lower kp (e.g. methacrylates) are more limited in aqueous 
media.
5, 6
 In addition, although Me6-TREN is probably the most commonly employed ligand, 
the importance of using the appropriate ligand that matches with the activity of the monomer 
is not often discussed in Cu(0)-mediated polymerisation. Moreover, although both the 
organic SET-LRP protocol (using Cu(0)-wire) and the aqueous SET-LRP approach (utilising 
Cu(0) particles obtained via pre-disproportionation) have attracted considerable attention, a 
direct comparison of these two protocols is not yet available. 
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4.1.1 Matching the activity of ligand and monomers in copper catalysed 
reactions 
 
One of the most advantageous features of TMM-LRP lies in the ability of tuning the 
catalyst, whereby the selectivity between activation and deactivation processes is adapted 
depending on the ligand employed.
7
 Indeed, numerous optimisations have been conducted in 
ATRP in the selection of active/inactive ligands to successfully mediate the polymerisation 
of a wide range of monomer moieties (e.g. methacrylates, acrylates, acrylamides, 
methacrylamides, styrene, vinyl halide and vinyl esters).
8
 A catalyst which would 
preferentially display greater stabilisation in the highest oxidation state (Cu
II
) would be 
described as active. N-containing σ-donor ligands (Me6-TREN, PMDETA, Cyclam) are 
commonly described as active catalysts, whilst achieving good control over the 
polymerisation of high kp monomers (e.g. acrylates, acrylamides).
9-14
 Additionally, π-orbital 
containing ligands (e.g. bipyridine, pyridine-imines) can preferentially stabilise the metal on 
its transitional state (Cu
I
) via back donation into low lying π*-orbitals, hence yielding 
catalysts ascribed as less active. Such ligands achieve better control over the polymerisation 
of low kp monomers (e.g. methacrylates, styrene),
15-17
 though some exceptions are 
noticeable. HMTETA and TPMA for example, can successfully mediate the polymerisation 
of methacrylates in aqueous and organic media despite being considered as active ligands 
(figure 4.1).
18, 19
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Figure 4.1. Representative scheme of ligand and monomer combination in ATRP. The 
length of the bars represents successful ligand/monomer combinations. Ligands are σ-
donors (blue), π-acceptors (red), or both (green). 
 
An unsuccessful combination of catalyst and monomer results in undesired termination 
events at the early stage of the polymerisation, exemplified by broad distributions and/or 
loss of halide chain end fidelity.
20
 However, selecting a catalyst that displays a high 
activation/deactivation ratio (for a selected initiator) would be ideal to achieve good control 
over the polymerisation. Furthermore, a high rate of deactivation is necessary in order to 
provide polymers with low dispersity values and high retention of the chain ends. It should 
be noted that the nature of the initiating species also has an extensive influence on the 
control,
21-23
 albeit it will not be investigated in this contribution. 
 
In this chapter, an investigation of the polymerisation of acrylates and methacrylates in 
organic and aqueous media is presented. Poly(ethylene glycol) methyl ether acrylate (av. 
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Mn= 480 g.mol
-1
, PEGA480) and poly(ethylene glycol) methyl ether methacrylate (av. Mn= 
475 g.mol
-1
, PEGMA475) have been utilised as exemplar monomers in order to assess the 
optimum Cu(0)-mediated polymerisation conditions to synthesise well-defined acrylic and 
methacrylic materials (scheme 4.1.). Both Cu(0)-wire and Cu(0) particles are employed as 
the Cu(0) source, highlighting the potential and limitations of each technique. The effect of 
the disproportionation reaction on the polymerisation rate and control over the MWDs has 
also been studied in DMSO and water, dictating the optimal polymerisation protocol 
depending on the solvent employed. The role of two ligand structures (e.g. Me6-TREN, 
PMDETA) on the retention of MWDs and end-group(s) fidelity has also been investigated, 
revealing significant variations for different monomers and protocols used. Finally, kinetic 
experiments have been used to assess the “livingness” of each system while in situ chain 
extensions have also been conducted as an indirect measurement of the end-group fidelity of 
the homopolymers. 
 
 
Scheme 4.1. Synthetic route to yield telechelic poly[poly(ethylene glycol) methyl ether 
acrylate] and poly[poly(ethylene glycol) methyl ether methacrylate] by Cu(0)-mediated 
reversible-deactivation radical polymerisation using (A) Cu(0)-wire in DMSO and/or 
(B) pre-disproportionation of CuBr in water under the presence of Me6-TREN or 
PMDETA ligand.  
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4.2   Results and discussions 
 
In order to achieve a thorough investigation of the (co)polymerisation of acrylic and 
methacrylic moieties in both DMSO and water, it would be preferred to have an initiator that 
would achieve good solubility in both solvents. Consequently, we decided to synthesise a bi-
functional initiator derived from PEG (Mn= 1000 g.mol
-1
), via esterification of the hydroxyl 
end groups (see sections 3.2.1.1 and 3.4.4.1).  
It is important to stress that the initiation efficiency of this initiator is expected to be lower 
whilst polymerising methacrylates, compared to the acrylates,
23
 which would induce broader 
MWD and poorer agreement between theoretical and observed MW. Nevertheless, 
optimisation of the initiator structure will not be the subject of this chapter.  
 
4.2.1 Polymerisations in DMSO 
 
The polymerisation of PEGA480 and PEGMA475 were initially assessed in DMSO using the 
tetradentate N-donor ligand, Me6-TREN, Cu(0)-wire and poly(ethylene glycol) bis(2-
bromoisobutyrate) initiator (section 3.2.1.1). The kinetic experiments for the Cu(0)-wire 
mediated polymerisation of PEGA480 and PEGMA475 are shown in figures 4.2 and 4.3. 
Polymerisation of PEGA480 proceeds relatively fast, with quantitative or near quantitative 
conversion achieved within 5 hours (> 98%), as determined by 
1
H NMR (figure 4.2.D). 
Monomer conversion is calculated by comparing the monomer vinyl peaks (δ= 5.5-6.5 ppm) 
to the polymer –CH3 pendant group (δ= 3.3 ppm). The kinetic experiments revealed a linear 
evolution of number average molecular weight (Mn) with conversion and narrow MWD, 
associated with the “living” nature of the polymerisation, with good agreement between the 
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theoretical and experimental molecular weights (figure 4.2.A-B). The linear increment of 
ln([M]0/[M]n) with time was maintained throughout polymerisation, highlighting a constant 
radical concentration, even when the polymerisation reaches near quantitative conversion 
(figure 4.2.C). Importantly, SEC chromatograms reveal a mono-modal polymer peak 
distribution shifting to higher molecular weights throughout the polymerisation, whilst the 
molecular weight distributions are slightly reduced during the reaction with a final dispersity 
value of Ð= 1.08 (figure 4.2.E). A shoulder at high MW is observed, similarly as in section 
2.2.2, which could be due to termination of the polyacrylate via β-scission and/or branching 
as well as undesired diacrylate impurities in the monomer.  
 
Figure 4.2. Monitoring the polymerisation of PEGA480 with Me6-TREN ligand in 
DMSO (50 % v/v) at 25°C by 
1
H NMR (250 MHz, CDCl3, D) and SEC (DMF eluent, 
E); [I]:[M]:[Me6-TREN]:[Cu
II
Br2]= 1:20:0.18:0.05 and 5 cm Cu(0) wire. 
 
Subsequently, the polymerisation of PEGMA475 was conducted under identical conditions 
([I]:[M]:[Me6-TREN]:[Cu
II
Br2]= 1:20:0.18:0.05 and 5 cm Cu(0) wire) in order to achieve a 
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direct comparison (figure 4.3). A reduced apparent rate of polymerisation is observed (kp
app
= 
4.9 10
-3
 min
-1 
versus kp
app
= 1.2 10
-2
 min
-1
for PEGA480) with 76% conversion achieved (as 
opposed to 98% for PEGA480) over the same time scale (5 hours). It is important to notice 
that although samples were also taken up to 11 hours of polymerisation of PEGMA475, the 
monomer conversion remained unchanged, suggesting that significant termination events 
occur after 5 hours. Nevertheless, the polymerisation seems to fulfil the criteria of a 
controlled/”living” system up to 5 h with ln([M]0/[M]n) increasing linearly with time and 
SEC analysis revealing a linear increase of Mn with increasing conversion. However, slightly 
broader MWD (Ð= 1.22, figure 4.3.E) are detected, as opposed to the acrylate analogue (Ð= 
1.08) when this monomer/solvent/ligand/catalyst combination is employed. Moreover, no 
apparent high MW shoulder is noticeable, which would contradict the hypothesis of 
impurities in the monomer, as similar tailing would be observed, regardless of the broader 
MWD. Further discussions on termination will be provided in section 4.2.2. 
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Figure 4.3. Monitoring the polymerisation of PEGMA475 with Me6-TREN ligand in 
DMSO (50 % v/v) at 25°C by 
1
H NMR (250 MHz, CDCl3, D) and SEC (DMF eluent, 
E); [I]:[M]:[Me6-TREN]:[Cu
II
Br2]= 1:20:0.18:0.05 and 5 cm Cu(0) wire. 
 
Unfortunately, the kinetic experiments do not give an insight of the α,ω-Br end groups 
fidelity that is essential for the synthesis of block copolymers and post-polymerisation 
modifications. In addition, considering the high molecular weight of the polymers (in 
addition to the oligomeric nature of the monomers), a combination of NMR and MALDI-
ToF MS analyses is not possible. Consequently, chain extensions have been performed as an 
alternative indirect assessment of the halide chain end fidelity via injection of a second 
aliquot of deoxygenated monomer in situ, at high monomer conversion of the first block. In 
the case of PEGA480 (98% conversion in 5 hours) a significant shift towards higher 
molecular weights is noticeable in SEC analysis upon addition of the second aliquot of 
PEGA480, whilst the low dispersity values are maintained (Ð= 1.1, after 15 hours, figure 4.4). 
Symmetrical SEC traces are maintained, highlighting the good control over the 
polymerisation and chain extension, though tailing at high MWD can be observed for 
PPEGA480 chromatograms, possibly due to the presence of trace quantities of diacrylates in 
the monomers.
4
 As such, high end group fidelity is evident during the polymerisation of 
PEGA480 when Me6-TREN/DMSO/Cu(0) wire are utilised.  
 
Figure 4.4. Monitoring the chain extension of poly[poly(ethylene glycol) methyl ether 
acrylate] with PEGA480 in DMSO with Me6-TREN ligand at 25°C, by 
1
H NMR (CDCl3, 
250 MHz, left) and SEC (DMF eluent, right).  
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On the contrary, in the case of PEGMA475 the cessation of the polymerisation after 5 hours 
suggests poor end-group fidelity. In order to verify this and despite the limited conversion 
(76% by 
1
H NMR) a second aliquot of monomer was added. However, no monomer 
consumption was detected by 
1
H NMR and no shift is observed by SEC (data not shown) 
suggesting that, under these conditions, the end-group fidelity has been compromised. This 
poor end group fidelity in combination with the increase in the dispersity values could be 
attributed to the limited ability of the [Cu
II
(Me6-TREN)Br]Br complex to successfully 
deactivate a propagating tertiary radical, leading to pronounced termination events.
7, 24
 
Similar behaviours have been observed in classical ATRP in organic solvents when too 
active ligands (high kact and low kdeact) are employed to polymerise styrene or methacrylates.
7
  
However, the copper/ligand catalyst can be modified in order to tune the rate of deactivation 
of a growing polymer chain and therefore limit the probability of termination events.
20
 The 
commercially available, N-donor tridentate ligand PMDETA has been studied in several 
ATRP processes for the polymerisation of a range of monomers, due to its high activity and 
relatively low cost.
10, 25
 More importantly, the [Cu
II
(PMDETA)Br]Br complex is reported to 
have a greater ability to deactivate radicals (higher kdeact) compared to [Cu
II
(Me6-
TREN)Br]Br.
25
 Furthermore, PMDETA is known to promote the rapid disproportionation of 
[Cu
I
(PMDETA)Br] in polar media
26-29
 (figure 4.5), which is key for generation of active 
Cu(0) particles and [Cu
II
(PMDETA)Br]Br deactivator throughout the polymerisation.  
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Figure 4.5. Monitoring the disproportionation of Cu(I)Br in the presence of PMDETA 
in DMSO.  
 
Thus, the polymerisation of PEGA480 and PEGMA475 were subsequently conducted using 
PMDETA in place of Me6-TREN (figures 4.6 and 4.7). The use of the tridentate ligand has a 
significant effect on the rate of polymerisation of the hydrophilic acrylate as manifested by a 
significant reduction in the polymerisation rate (kp
app
= 4.3 10
-3
 min
-1
 vs kp
app
= 1.2 10
-2
 min
-1
 
with Me6-TREN, table 4.1 entries 2 and 1). Nevertheless, a high monomer conversion is 
reached (94% by 
1
H NMR, table 4.1 entry 2) after 11 hours, with linear evolution of 
molecular weight over conversion and narrow MWDs retained (Ð< 1.08, figure 4.6.E).  
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Figure 4.6. Monitoring the polymerisation of PEGA480 with PMDETA ligand in DMSO 
(50 % v/v) at 25°C by 
1
H NMR (250 MHz, CDCl3, D) and SEC (DMF eluent, E); 
[I]:[M]:[PMDETA]:[Cu
II
Br2]= 1:20:0.18:0.05 and 5 cm Cu(0) wire. 
 
Pleasingly, in the case of PEGMA475 a reverse scenario is observed and an enhanced 
polymerisation rate is evident (kp
app
= 1.3 10
-2
 min
-1
 vs kp
app
= 4.9 10
-3
 min
-1
 for Me6-TREN, 
table 4.1 entries 4 and 3) whilst relatively narrow MWDs are also obtained (Ð< 1.27, figure 
4.7.E), even at near quantitative conversions (> 98%, table 4.1 entry 4). It should be noted 
that the polymerisation of PEGMA475 in the presence of PMDETA is even faster than the 
polymerisation of PEGA480 (a higher kp monomer) under the given conditions.  
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Figure 4.7. Monitoring the polymerisation of PEGMA475 with PMDETA ligand in 
DMSO (50 % v/v) at 25°C by 
1
H NMR (250 MHz, CDCl3, D) and SEC (DMF eluent, 
E); [I]:[M]:[PMDETA]:[Cu
II
Br2]= 1:20:0.18:0.05 and 5 cm Cu(0) wire. 
 
Considering the high monomer conversions obtained for the polymerisation of PEGA480 with 
PMDETA, chain extension should be possible. Interestingly, poorer yield (74% vs 84% with 
Me6-TREN after 15 hours, figure 4.8) and slightly broader MWDs (Ð= 1.17 vs Ð= 1.08 with 
Me6-TREN) are obtained, suggesting that Me6-TREN is a better alternative to yield good 
acrylic based block copolymers.  
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Figure 4.8. Monitoring the chain extension of poly[poly(ethylene glycol) methyl ether 
acrylate] with PEGA480 in DMSO with PMDETA ligand at 25°C, by 
1
H NMR (CDCl3, 
250 MHz, left) and SEC (DMF eluent, right). 
 
However, the use of the tridentate ligand for the chain extension of PEGMA475 was not 
successful, as only 20% conversion is attained for the second block (after 15 hours, figure 
4.9), suggesting that a significant loss of end-group fidelity occurs with this system.  
 
Figure 4.9. Monitoring the chain extension of poly[poly(ethylene glycol) methyl ether 
methacrylate] with PEGMA475 in DMSO with PMDETA ligand at 25°C, by 
1
H NMR 
(CDCl3, 250 MHz, left) and SEC (DMF eluent, right). 
 
Nevertheless, it is clear that the use of a more deactivating ligand has a prominent effect on 
the polymerisation of acrylates and methacrylates in DMSO when Cu(0)-wire is employed 
as the desired copper source. PMDETA appears to be a better ligand for methacrylates, 
resulting in an increase in the polymerisation rate and monomer conversions obtained; whilst 
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acrylates exhibit a decrease on the polymerisation rate, accompanied by poorer conversions 
and slightly higher dispersity values. Likewise, Me6-TREN better supports the 
polymerisation of acrylates yielding materials with narrow MWDs, high conversion and 
high end-groups fidelity, whilst methacrylates are found to be significantly slower with 
limited conversions (~ 76% even when the reaction was left overnight) and lower retention 
of α,ω-Br chain-ends functionality.  
Table 4.1. Solvent and ligand influence on the Cu(0)-wire mediated polymerisation of 
PEGA480 and PEGMA475 in DMSO. 
 
Copper 
source 
Monomer Ligand Time 
(min) 
Conv. 
(%)
a
 
Mn
Exp
 
(g.mol
-1
)
b
 
Ð 
b 
kp
app
 
(min
-1
) 
Cu(0)-
wire 
PEGA480 Me6-TREN 300 98 13700 1.08 1.2 10
-2
 
Cu(0)-
wire 
PEGA480 PMDETA 660 94 13900 1.08 4.3 10
-3
 
Cu(0)-
wire 
PEGMA475 Me6-TREN 300 76 17500 1.22 4.9 10
-3
 
Cu(0)-
wire 
PEGMA475 PMDETA 300 98 13600 1.27 1.3 10
-2
 
a
 Determined by 
1
H NMR (250 MHz, CDCl3). 
b
 Determined by SEC (DMF + 5 mM NH4BH4) 
using PMMA standards. 
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4.2.2 Polymerisations in water 
 
The aforementioned study on the influence of monomer and ligand composition on the 
polymerisation of hydrophilic (meth)acrylates in DMSO when Cu(0)-wire was employed as 
the copper source suggests a preference of acrylates to be better polymerised with Me6-
TREN and methacrylates with PMDETA. Nevertheless, the inefficient chain extension for 
the methacrylate encouraged us to seek for a better alternative. Hence, we decided to explore 
the effect of the solvent composition on the control over the polymerisation. Water was 
selected as the solvent for the polymerisation of the hydrophilic (meth)acrylate polymers. 
The incorporation of water in the system has been shown to accelerate the rate of 
polymerisation in ATRP-type systems, providing access to a wide range of (co)polymers in 
limited period of time with good control over the MWD.
30, 31
 Functional polymethacrylates 
have been successfully synthesised in aqueous medium through the use of a transition-metal 
catalyst, with good retention of chain-end(s) fidelity and relatively low dispersity values at 
high monomer conversions. However, the majority of ligands employed do not promote 
disproportionation and therefore are not of interest for this current study.
11, 18
  
In order to achieve a direct comparison with the previously used system, the same primary 
copper source (e.g. Cu(0)-wire) was also employed to assess the polymerisation of PEGA480 
in water. However, limited monomer conversions were attained over a comparable time 
scale (48% in 5h, table 4.2, entry 6), accompanied by a significant increase in MWD is (Ð< 
1.37, figure 4.10), indicating that Cu(0)-wire is not best suited for polymerisations in water 
under the previously employed conditions (solvent 50% v/v at 25°C; [I]:[M]:[Me6-
TREN]:[Cu
II
Br2]= 1:20:0.18:0.05 and 5 cm Cu(0) wire). 
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Figure 4.10. Monitoring the polymerisation of PEGA480 in H2O with Me6-TREN ligand 
after 300 minutes at 25°C, by 
1
H NMR (D2O, 250 MHz, left) and SEC (DMF eluent, 
right).  
 
Recently, the rapid disproportionation of [Cu
I
(Me6-TREN)Br] in water prior to 
polymerisation to generate active Cu(0) particles and [Cu
II
(Me6-TREN)Br]Br deactivator in 
situ has been used to yield functional hydrophilic polyacrylamides and polyacrylates.
1
 The 
temperature of the reaction was reduced to 0°C, as this has been previously demonstrated to 
enhance the halogen end group(s) fidelity and narrow MWD when higher molecular weights 
are targeted.
1, 2
 When the disproportionation was allowed to occur quantitatively in pure 
water prior the addition of the monomer and initiator ([I]:[M]:[Me6-TREN]:[Cu
I
Br]= 
1:20:0.6:0.8, 20 % v/v monomer in water at 0°C), the kinetics of PEGA480 revealed an 
enhanced apparent rate of polymerisation (kp
app
= 2.1 10
-1
 min
-1
, table 4.2 entry 2), compared 
to the DMSO system (kp
app
=1.2 10
-2
 min
-1
, table 4.1 entry 1). Furthermore, good linear 
evolution of molecular weight vs. monomer conversion highlights the good “living” 
behaviour of the system, whilst quantitative monomer conversions and narrow MWDs 
(Ð<1.12, figure 4.11.E) are attained within 30 minutes. It is important to notice that no 
apparent shoulder at high MW is observed for the polymerisation of PEGA480 at lower 
temperature (0°C compared to 25°C, see section 4.2.1). This would favour a hypothesis of 
undesired termination of the polyacrylate via β-scission and/or branching, as the extent of 
termination would be diminished at lower temperatures. The comparison of the two 
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techniques contradicts the mode of termination hypothesised in chapter 2 (see section 2.2.2), 
wherein the presence of diacrylates in the monomer was responsible for a shoulder at high 
MW. 
 
Figure 4.11. Monitoring the polymerisation of PEGA480 with Me6-TREN ligand in 
water at 0°C C by 
1
H NMR (250 MHz, D2O, D) and SEC (DMF eluent, E); 
[I]:[M]:[Me6-TREN]:[Cu
I
Br]= 1:20:0.6:0.8, 20 % v/v monomer in water. 
 
Pleasingly, chain extension can be performed on PPEGA480 with an additional aliquot of 
PEGA480, resulting in well-defined polyacrylates with narrow MWDs (Ð~ 1.12, figure 4.12), 
even when the reaction reached quantitative conversion. Impressively, the chain extension 
occurred in a quantitative manner within 1 hour, further highlighting the ideal combination 
of an acrylate with Me6-TREN under aqueous conditions (and pre-disproportionation of 
[Cu
I
(Me6-TREN)Br]).  
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Figure 4.12. Monitoring the chain extension of poly[poly(ethylene glycol) methyl ether 
acrylate] with PEGA480 in H2O with Me6-TREN ligand at 0°C, by 
1
H NMR (D2O, 250 
MHz, left) and SEC (DMF eluent, right). 
 
However, this robust tool has not yet been exploited for the formation of polymethacrylates; 
it therefore becomes of interest to test the versatility of the efficient synthetic process 
towards more propagating radicals. The polymerisation of PEGMA475 was first attempted 
using Me6-TREN ligand in order to compare its reactivity to the acrylate. Although relative 
fast polymerisation rates were maintained (kp
app
= 8.1 10
-2
 min
-1
, table 4.2 entry 4) achieving 
89% conversion in 30 minutes, the experimental molecular weight is significantly higher 
than the theoretical value (Mn
SEC
= 25800 g.mol
-1
; Mn
Th
= 10725 g.mol
-1
), whilst the MWDs 
are very broad (Ð> 1.7, figure 4.13.E) for a RDRP system, suggesting significant loss of 
control. This result underlines again the poor ability of the [Cu
II
(Me6-TREN)Br]Br to 
successfully end-cap a tertiary propagating radical. In this case, in situ chain extension 
experiments were not attempted due to the poor control obtained during the formation of the 
macroinitiator.  
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Figure 4.13. Monitoring the polymerisation of PEGMA475 with Me6-TREN ligand in 
water at 0°C by 
1
H NMR (250 MHz, D2O, D) and SEC (DMF eluent, E); [I]:[M]:[Me6-
TREN]:[Cu
I
Br]= 1:20:0.6:0.8, 20 % v/v monomer in water. 
 
Inspired by the initial findings in DMSO, the tridentate ligand PMDETA was utilised to 
form the catalytic system, in an attempt to improve the synthesis of polymethacrylate 
(co)polymers. The extent of disproportionation of the [Cu
I
(PMDETA)Br] complex in water 
was first assessed by UV-Vis NIR spectroscopy, revealing a fast and complete formation of 
Cu(0) and Cu
II
Br2/PMDETA complexes (figure 4.14).  
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Figure 4.14. Monitoring the disproportionation of Cu(I)Br in the presence of PMDETA 
in water by UV-Vis.  
 
The quantitative formation of the catalytic system was followed by the addition of PEGA480 
and initiator ([I]:[M]:[PMDETA]:[Cu
I
Br]= 1:20:0.6:0.8, 20 % v/v monomer in water; figure 
4.15) and the kinetics of the reaction (monitored by 
1
H NMR and SEC) were found to 
disobey the typical linear first order kinetics. This observation could be due to the tridentate 
nature of the ligand. Indeed, the presence of a lone site in the deactivating complex 
[Cu
II
(PMDETA)Br]Br could allow the introduction of hydroxyl groups to form 
[Cu
II
(PMDETA)OHBr]Br
-
,
26, 27
 in aqueous medium, inducing more termination events at the 
early stage of the polymerisation via -OH end capping of the propagating radical. 
Nevertheless, high conversions could be obtained (> 95%, table 4.2 entry 3) and the MWDs 
remained as narrow as Ð= 1.14 (figure 4.15.E). 
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Figure 4.15. Monitoring the polymerisation of PEGA480 with PMDETA ligand in water 
at 0°C by 
1
H NMR (250 MHz, D2O, D) and SEC (DMF eluent, E); 
[I]:[M]:[PMDETA]:[Cu
I
Br]= 1:20:0.6:0.8, 20 % v/v monomer in water. 
 
However, when chain extensions experiments were performed with the acrylate based 
macroinitiator, only 10% of monomer consumption was attained (after 1 hour, figure 4.16). 
The inefficient chain extension of PPEGA480 strongly suggests a significant loss of halide 
end groups under these conditions, further confirming the unusual trend in the kinetic 
experiments and despite the low dispersity values of the macroinitiator. Thus, the 
polymerisation of PEGA480 in water appears to be less tolerant to the ligand choice as 
opposed to the DMSO system where chain extensions with PMDETA could be successfully 
performed. 
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Figure 4.16. Monitoring the chain extension of poly[poly(ethylene glycol) methyl ether 
acrylate] with PEGA480 in H2O with PMDETA ligand at 0°C, by 
1
H NMR (D2O, 250 
MHz, left) and SEC (DMF eluent, right). 
 
Subsequently, the polymerisation of PEGMA utilising PMDETA was studied, revealing an 
enhanced control over the polymerisation. Indeed, an acceleration of the rate of 
polymerisation (kp
app
= 1.3 10
-1
 min
-1 
vs kp
app
= 8.1 10
-2
 min
-1
 with Me6-TREN) and an 
improved control over the MWD (Ð= 1.38, figure 4.17.E vs Ð= 1.7 with Me6-TREN) are 
observed. Pleasingly, near quantitative monomer conversions are obtained (98% by 
1
H 
NMR, table 4.2 entry 5 vs 89% with Me6-TREN, table 4.2 entry 4), further highlighting the 
beneficial use of PMDETA to synthesise well-defined PPEGMA475. 
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Figure 4.17. Monitoring the polymerisation of PEGMA475 with PMDETA ligand in 
water at 0°C by 
1
H NMR (250 MHz, D2O, D) and SEC (DMF eluent, E); 
[I]:[M]:[PMDETA]:[Cu
I
Br]= 1:20:0.6:0.8, 20 % v/v monomer in water. 
 
Nevertheless, although a deviation of the experimental molecular weight (Mn
SEC
= 19600 
g.mol
-1
) from the theoretical values (Mn
Th
= 10500 g.mol
-1
) is observed, in situ chain 
extension were also attempted. Interestingly, a complete shift towards higher molecular 
weights is observed in SEC, without compromising the final dispersity values (Ð= 1.38) for 
PPEGMA475. Moreover, high conversion of the second monomer aliquot was obtained (95% 
by 
1
H NMR after 1 hour, figure 4.18) within 1 hour.  
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Figure 4.18. Monitoring the chain extension of poly[poly(ethylene glycol) methyl ether 
methacrylate] with PEGMA475 in H2O with PMDETA ligand at 0°C, by 
1
H NMR (D2O, 
250 MHz, left) and SEC (DMF eluent, right).  
 
Thus, it has been determined that utilising the pre-disproportionation of [Cu
I
(L)Br] to yield 
Cu(0) particles and [Cu
II
(L)Br]Br deactivator (whereby L is Me6-TREN or PMDETA) 
followed by monomer and initiator in situ is a useful method to yield well-defined 
poly(meth)acrylate (co)polymers. However, we were also intrigued to understand the effect 
of the solvent on the control over the polymerisation. In order to investigate this, [Cu
I
(Me6-
TREN)Br] was disproportionated in DMSO under identical conditions to yield the catalytic 
system in situ prior to polymerisation ([I]:[M]:[Me6-TREN]:[Cu
I
Br]= 1:20:0.6:0.8, 20 % v/v 
monomer in solvent), though UV-Vis NIR analysis revealed limited yield (figure 4.19).  
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Figure 4.19. Monitoring the disproportionation of Cu(I)Br in the presence of Me6-
TREN in DMSO by UV-Vis. 
 
However, the polymerisation of PEGA480 yielded poor monomer conversions over a 
comparable timescale (48% in 30 minutes, table 4.2 entry 1), and low dispersity values were 
obtained (Ð= 1.05, figure 4.20).  
 
Figure 4.20. Monitoring the polymerisation of PEGMA475 methacrylate in DMSO with 
Me6-TREN ligand after 30 minutes at 0°C, by 
1
H NMR (CDCl3, 250 MHz) and SEC 
(DMF eluent).  
 
Therefore, it is concluded that utilising the pre-disproportionation approach for the 
preparation of well-defined (co)polymers with almost quantitative conversions is only 
possible in solvents that significantly promote the rapid and complete disproportionation of 
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the [Cu
I
(L)Br] complex, such as water. More importantly, any deviation from the proposed 
conditions results in inefficient formation of a macroinitiator, compromising the formation 
of well-defined block copolymers in situ.  
 
Table 4.2. Solvent, ligand and copper source influence on the Cu(0)-mediated 
polymerisation of PEGA480 and PEGMA475 in water and DMSO.  
 
Solvent Copper 
source 
Monomer Ligand Time 
(min) 
Conv. 
(%)
a
 
Mn
Exp
 
(g.mol
-
1
)
b
 
Ð 
b 
kp
app
 
(min
-1
) 
DMSO Pre disp. 
Cu(I)Br 
PEGA480 Me6-TREN 30 48 7500 1.05 n/a 
H2O Pre disp. 
Cu(I)Br 
PEGA480 Me6-TREN 30 > 99 13700 1.12 2.1 10
-
1
 
H2O Pre disp. 
Cu(I)Br 
PEGA480 PMDETA 30 95 12700 1.14 n/a 
H2O Pre disp. 
Cu(I)Br 
PEGMA475 Me6-TREN 30 89 25800 1.71 8.1 10
-
2
 
H2O Pre disp. 
Cu(I)Br 
PEGMA475 PMDETA 30 98 19600 1.38 1.3 10
-
1
 
H2O Cu(0)-
wire 
PEGA480 Me6TREN 300 48 8000 1.37 n/a 
a
 Determined by 
1
H NMR (250 MHz, CDCl3 or D2O for polymerisation in DMSO and H2O 
respectively). 
b
 Determined by SEC (DMF + 5 mM NH4BH4) using PMMA standards. 
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4.3   Conclusions 
 
In this chapter, a comprehensive study on the formation of polyether containing acrylates 
and methacrylates in both DMSO and water is reported, utilising two different 
polymerization protocols. It has been found that the combination of the monomer structure 
with the appropriate ligand, Cu(0)-source, solvent and polymerisation method is essential for 
the retention of the halide end-group fidelity. Moreover, the thorough investigation of the 
effect of each component revealed that a non-adapted combination would be deleterious for 
the “living” character of the polymerisation, the rate, the chain ends retention and molecular 
weight distribution. In the case of DMSO, the polymerisation of PEGA480 with Cu(0)-wire 
reaches full conversion within 5 hours with low dispersity values (Ð~ 1.1) and good end-
group(s) fidelity, as exemplified by in situ chain extension when Me6-TREN is employed as 
the ligand. Under identical conditions, the polymerisation of the methacrylate analogue, 
PEGMA475, results in broader MWDs (Ð= 1.22) and lower conversions (76% after 5 hours) 
whilst the end-group(s) fidelity is significantly compromised. Interestingly, adapting the 
ligand from Me6-TREN to PMDETA accelerates the polymerisation of PEGMA475, although 
the end-group fidelity is still poor; whilst the polymerisation of the acrylate analogue 
PEGA480, compromises both rate of polymerisation and chain ends retention. In order to 
further enhance the α,ω-Br end-groups fidelity and the rate of polymerisation, water was 
subsequently employed as the solvent, exploiting the in situ pre-disproportionation of 
[Cu
I
(L)Br] prior to addition of the monomer and initiator. When Me6-TREN is selected as a 
ligand, the quantitative synthesis of well-defined PPEGA480 based diblock copolymers is 
facilitated within 90 minutes (Ð= 1.14). Conversely, the polymerisation of PEGMA475 in 
similar conditions reveals a loss of control (Ð> 1.7) which suggests that the careful selection 
of the ligand is of upmost importance for an effective polymerization. In order to verify this, 
PMDETA is used under identical conditions, yielding polymethacrylates with quite narrow 
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MWDs (Ð= 1.38) and high end-group(s) fidelity even at quantitative conversions. However, 
when PMDETA is utilised for the polymerization of PEGA480, poor end group fidelity is 
manifested by in situ chain extension, further highlighting the crucial selection of the 
(co)polymerisation conditions for each monomer. 
 
4.4  Experimental 
4.4.1 Materials 
 
Previously used materials can be found in sections 2.4.1 and 3.4.1. 
Poly(ethylene glycol) methyl ether methacrylate (PEGMA475, 98%, Sigma-Aldrich, av. Mn = 
475 g.mol
-1
 was used as received without purification. N,N,N’,N’,N’’-
Pentamethyldiethylenetriamine (PMDETA, 98%, Sigma-Aldrich) was distilled under 
reduced pressure (55°C, 10
-1
 mbar), deoxygenated and stored at 4°C under nitrogen prior to 
use.  
4.4.2 Characterisation 
 
1
H, 
13
C NMR spectra were recorded on Bruker ACF-250 and DPX-300 spectrometers using 
deuterated solvents obtained from Sigma-Aldrich.  
DMF SEC traces were obtained on a Varian 390-LC system using a DMF (+ 5 mM 
NH4BH4) eluent at 50°C, equipped with refractive index, UV and viscometry detectors, 2 × 
PLgel 5 mm mixed D columns (300 × 7.5 mm), 1 × PLgel 5 mm guard column (50 × 7.5 
mm) and autosampler. Narrow linear poly(methyl methacrylate) standards in range of 200 to 
1.0 × 10
6
 g·mol
-1
 were used to calibrate the system. All samples were passed through 0.45 
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µm PTFE filter before analysis. UV-Vis NIR spectra were obtained on an Agilent 
Technologies Cary 60 UV-Vis spectrometer using a quartz cuvette with 1cm path length at 
20°C. 
4.4.3 Cu(0)-mediated polymerisation in DMSO. 
 
This procedure for the polymerisation of PEGA480 with Me6-TREN in DMSO can be 
adapted for all polymerisations utilising Cu(0)-wire as a primary copper source. 
In an oven dried Schlenk tube were added poly(ethylene glycol) bis(2-bromoisobutyrate) 
(0.7 g, 0.57 mmol), copper(II) bromide (6.4 mg, 0.05 eq.), PEGA480 (5.0 mL, 20 eq.), DMSO 
(5 mL). The stirring bar with the pre-activated copper wire was then added and the Schlenk 
tube was sealed with a rubber septum. The reaction was kept stirring and deoxygenated with 
nitrogen for 10 min. Me6-TREN (27.5 μL, 0.18 eq.) was injected via a deoxygenated 
microsyringe and the reaction was left to polymerize at 25°C. 
Sequential additions were performed as followed. A vial fitted with a rubber septum and 
magnetic stirring bar was charged with monomer (PEGA480 or PEGMA475 respectively, 20 
eq.) and DMSO (5 mL). The mixture was left to stir until complete dissolution of the 
monomer (typically 1 minute) and deoxygenated with nitrogen for 10 minutes. The solution 
was cannulated into the reaction vessel upon near quantitative conversion of the first block 
(>95 % by 
1
H NMR, unless stated otherwise) and the reaction was left to stir at 25°C.  
4.4.4 Monitoring the disproportionation of Cu(I)Br in the presence of ligand 
in DMSO or water. 
 
This generic procedure to monitor the extent of disproportionation of [Cu
I
(PMDETA)Br] in 
DMSO can be adapted in different solvents, whilst utilising various ligands. 
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The theoretical disproportionation curve was obtained by preparing a solution of Cu(II)Br2 
(10.8 mg, 4.8 10
-5
 mol) in the presence of PMDETA (11.5 μL) in DMSO. 
Disproportionation was performed by adding Cu(I)Br (14 mg, 9.7 10
-5
 mol) to a solution of 
solvent (2 mL) and PMDETA (11.5 μL, 0.75 eq.), which was left to stir and deoxygenate 
with nitrogen for 15 minutes. Subsequently, the solution was filtered under nitrogen to 
remove any Cu(0) particles. UV-Vis NIR spectrum was recorded using a quartz cuvette 
(path length 1 cm).  
 
4.4.5 Disproportionation of Cu(I)Br in the presence of ligand to catalyse the 
polymerisation of (meth)acrylic monomers in H2O. 
 
This procedure for the polymerisation of PEGA480 with Me6-TREN in water can be adapted 
for all polymerisations utilising the pre-disproportionation of a [Cu
I
(L)X] complex, where L 
is a N-containing ligand (Me6-TREN, PMDETA), to yield the catalytic system. 
To an oven dried Schlenk tube fitted with a magnetic stirring bar and rubber septum was 
added H2O (2 mL), Me6-TREN (52 μL, 0.6 eq.) and Cu(I)Br (37.5 mg, 0.8 eq.). The solution 
was left to deoxygenate with nitrogen for 20 minutes and to stir for an extra 10 minutes. A 
vial fitted with a rubber septum and magnetic stirring bar was charged with poly(ethylene 
glycol) bis(2-bromoisobutyrate) (400 mg, 0.33 mmol), PEGA480 (2.87 mL, 20 eq.) and H2O 
(10 mL). The mixture was left to stir until complete dissolution of the monomer (typically 2 
minutes) and deoxygenated with nitrogen for 10 minutes. The solution was cannulated into 
the Schlenk tube and the reaction was left to polymerise at 0°C. 
Sequential additions were performed as followed. A vial fitted with a rubber septum and 
magnetic stirring bar was charged with monomer (PEGA480 or PEGMA475 respectively, 20 
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eq.) and H2O (10 mL). The mixture was left to stir until complete dissolution of the 
monomer (typically 1 minutes) and deoxygenated with nitrogen for 10 minutes. The solution 
was cannulated into the reaction vessel upon 30 minutes of polymerisation and the reaction 
was left to stir at 0°C.  
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Chapter 5 
 
The importance of external halide salt for the Cu(0)-mediated 
(co)polymerisation of methacrylic monomers in water 
 
 The polymerisation of methacrylic, water soluble and zwitterionic monomers is  
assessed by Cu(0)-mediated polymerisation in water. The pre-disproportionation of 
[Cu I(PMDETA)Cl]  in water prior to initiator and monomer addition is exploited to  yield well -
defined polymethacrylates with  quantitative monomer conversions in 30 minutes.  
Subsequently, the addition of supplementary halide salt (NaCl, 1M) enabled the synthesis of  
various molecular weight poly[poly(ethylene glycol) methyl ether methacrylate]  (PEGMA 475) 
(DPn=10-80) with narrow molecular weight distributions (MWD, Ð< 1.3). More importantly,  
the block copolymerisation of 2-dimethylaminoethyl methacrylate (DMAEMA), 2 -
morpholinoethyl methacrylate (MEMA), [2 -(methacryloyloxy)ethyl]dimethyl -(3-
sulfopropyl)ammonium hydroxide (SBMA) and 2-methacryloyloxyethyl phosphorylcholine 
(MPC) with PEGMA 4 75  was successful in aqueous medium without the need of purification 
steps. Moreover, good control was still  retained, reciprocated by quantitative monomer 
conversions and moderate MWD (Ð< 1.6).  
.  
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5.1  Introduction 
 
In chapter 4, the importance in the selection of ligand and copper source was highlighted 
whilst engaging Cu(0)-mediated polymerisation in organic and aqueous media. The 
association of kinetic experiments with in situ chain extensions highlighted the effect of 
ligand (tridentate and tetradentate, i.e. PMDETA and Me6-TREN), solvent (DMSO and 
water) and copper source (Cu(0)-wire and in situ generated Cu(0)-particles) on the control 
over the (co)polymerisation of PEGA480 and PEGMA475. It came to light that methacrylic 
block copolymers could be attained whilst exploiting the pre-disproportionation of 
[Cu
I
(PMDETA)Br] prior to initiator and monomer addition in water, with good control over 
the MWD (Ð< 1.38) at near quantitative monomer conversion.
1
  
However, the current literature lacks scope with respect to functional methacrylates, which 
stimulates the investigations reported within this chapter. Hence, the focus will be on 
(co)polymerising monomers such as 2-dimethylaminoethyl methacrylate (DMAEMA), 
which finds great interest in targeted delivery of DNA.
2, 3
 This monomer could be easily 
polymerised by standard copper-mediated polymerisation in organic media (utilising Cu(I)X 
or Cu(0) as the primary copper source),
4-7
 though a few reports are present in water.
8
 2-
morpholinoethyl methacrylate (MEMA) would be a monomer of interest due the high 
solubility of the side chain in several solvents, providing access to schizophrenic 
architectures,
9-11
 i.e. micelles and vesicles which can re-arrange depending on the dispersing 
solvent employed. Nevertheless, the design of such “smart” materials could only be possible 
with good control over both MWD and end group fidelity.  
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5.1.1 Halogen exchange in copper-mediated polymerisations  
 
One of the advantageous features of copper-mediated RDRP is the ability to tune the catalyst 
depending on monomer activity. In section 4.1.1, the design of a suitable ligand/monomer 
pair was presented, highlighting the importance of matching activities to retain good control 
over the polymerisation and perhaps more importantly, end group(s) fidelity. Numerous 
investigations have also been conducted to adapt the nature of the halogen in the copper 
complex catalyst to enhance the control over the polymerisation of monomers with different 
activities i.e. low kp methacrylates and high kp acrylates. For instance, it has been reported 
that utilising a copper chloride initiator/catalyst system would be beneficial to mediate the 
polymerisation of methacrylates,
12
 whilst a copper bromide initiator/catalyst system would 
be best suited for the polymerisation of acrylates. Indeed, adapting the strength of the C-X 
bond (where X is an halogen) depending on the initiator/monomer employed has a great 
influence on experimental molecular weights and MWD,
12, 13
 as tuning the lability of the C-
X bond influences the (re)-initiation steps.
14
 Interestingly, when cross propagation could be 
an issue, i.e. chain extending from a polyacrylate or using an unsuitable initiator, one of the 
strategies to yield well-defined polymethacrylates is to utilise a halogen exchange process, 
whereby the initiating alkyl halide would bear a weak C-Br and copper chloride would 
generate a catalyst.
13, 15-18
 Hence, fast initiation, activation
19
 and enhanced control over the 
targeted MW are provided, in addition to narrow MWD.
20
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5.1.2 Influence of external halides in aqueous medium 
 
The introduction of water in copper-mediated RDRP results in faster polymerisations, albeit 
with poorer control usually achieved for a wide variety of polymers.
21
 Indeed, dissociation 
and/or denaturation of the [Cu
II
(L)X]X (X an halogen) complex in water
22-27
 is suggested to 
induce undesired terminations events, reciprocated by broader distributions and loss of 
halide end group fidelity.
28
  
 
Scheme 5.1. Proposed ATRP equilibrium in aqueous medium, according to 
Matyjaszewski et al.
29
 Kx([Cu
II
(L)X]X] is the rate of association of the [Cu
II
(L)] 
complex to halides (or stability constant), Kaq(L) is the rate of association of a water 
molecule to a copper complex and Kaq,j(X) is the rate of halide association to j (an 
integer) water molecule(s).  
 
This can be circumvented by the introduction of larger amounts of deactivating species, or 
via a supplementary halide source. Salts, e.g. TEABr, NaBr have been utilised as an external 
source of halides to diminish the denaturation of [Cu
II
(L)X]X complexes in water.
29
 This 
resulted in enhanced control over the MWD, as well as the end-group fidelity. As such, 
poly(meth)acrylates could be generated with low dispersity values (1.15< Ð< 1.5) at various 
monomer conversions (50-90 %).
30-32
 More importantly, the halide chain end could be 
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retained, as exemplified by chain extensions experiments, yielding well-defined block 
copolymers.
30
 However, the presence of supplementary halide source would also result in 
slower polymerisation rates, ascribed to the increase in the rate of deactivation.
29
  
 
5.1.3 Motivation: towards zwitterionic copolymers in aqueous medium 
 
Zwitterionic polymers are interesting for a wide range of applications, including anti-
fouling, bio-conjugation, water treatment and formulation in personal care products.
33, 34
 One 
of the most attractive features of polyzwitterions is their unique and variable behaviour in 
aqueous solution, usually different from polyelectrolytes. Typically, a polyelectrolyte 
occupies a large volume when dispersed in aqueous solution. This volume can be reduced by 
the introduction of additional salts (e.g. NaCl), a phenomenon referred to as the 
polyelectrolyte effect, i.e. chain contraction. However, polyzwitterions display the opposite 
behaviour in aqueous solutions, i.e. chain expansion upon addition of external low MW 
electrolyte, or anti-polyelectrolyte effect (scheme 5.2).
35
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Scheme 5.2. Polyelectrolyte and anti-polyelectrolyte effects. According to Lowe and 
McCormick.
35
  
 
The interesting insolubility of several polyzwitterions (e.g. polymeric betaines) in pure water 
can thus be altered by the introduction of salts or co-solvents,
36-39
 allowing the formation of 
sophisticated architectures. The limited solubility of polyzwitterions in organic media, 
usually restricted to highly H-bond donating solvents (e.g. alcohols, fluorinated solvents) 
can vary depending on the nature of the zwitterion, as phosphobetaines typically show 
greater solvability in both organic and aqueous media than sulfobetaines.  
The synthesis of zwitterionic polymers has received extensive attention by RDRP 
techniques, to control both MWD and architectures. Two different approaches are usually 
conducted, the first being the synthesis of an uncharged polymer (e.g. PDMAEMA) which 
will become zwitterionic upon post-polymerisation modifications.
33, 40, 41
 The second route is 
the direct polymerisation of a zwitterionic monomer, though several solubility issues can 
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arise, as previously described. RAFT has been the polymerisation tool of choice to yield 
well-defined polyzwitterions, due the extensive tolerance to various solvent mixtures.
42-44
 
However, TMM-RDRP has proved to be a robust process to (co)polymerise sulfobetaines, 
phosphobetaines and carboxybetaines.
45, 46
 Interestingly, Cu(0)-mediated RDRP has not been 
extensively employed to yield functional charged copolymers, especially in aqueous media.
7, 
47
 
In this chapter, the pre-disproportionation of [Cu
I
(PMDETA)X] (where X is an halogen) is 
exploited to assess the (co)polymerisation of water soluble methacrylic monomers, namely 
poly(ethylene glycol) methyl ether methacrylate (av. Mn= 475 g.mol
-1
, PEGMA475; av. Mn= 
1100 g.mol
-1
, PEGMA1100), DMAEMA, MEMA, [2-(methacryloyloxy)ethyl]dimethyl-(3-
sulfopropyl)ammonium hydroxide (SBMA) and 2-methacryloyloxyethyl phosphorylcholine 
(MPC) in aqueous medium (scheme 5.3). The effect of the nature of the copper source (e.g. 
CuBr, CuCl), in addition of the influence of the addition of external halide salt (e.g. NaBr, 
NaCl) are investigated to yield well-defined copolymers with moderate dispersity values 
(Ð< 1.6) and high chain end(s) fidelity, even at near quantitative monomer conversion. 
 
Scheme 5.3. Cu(0)-mediated polymerisation of functional methacrylates in water in the 
presence of salt. 
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5.2  Results and discussions 
 
5.2.1 Enhancing the control over the polymerisation of PEGMA via an 
external halide source 
 
The bi-functional initiator, poly(ethylene glycol) bis(2-bromoisobutyrate) (see sections 
4.2.1, 3.2.1.1 and 3.4.4.1) has been selected as the initiating species, for comparison 
purposes with investigations in chapter 4. A first strategy to improve the control over the 
polymerisation of PEGMA475 would be to increase the [ligand]:[CuBr] ratio, as previously 
reported in the case of acrylates and acrylamides.
48
 Consequently, the synthesis of 
PPEGMA475 was assessed by Cu(0)-mediated polymerisation in water 
([I]:[M]:[PMDETA]:[CuBr]= 1:DPn:0.6:1.1, 20% v/v monomer in water), as opposed to 
([I]:[M]:[PMDETA]:[CuBr]= 1:DPn:0.6:0.8, 20% v/v monomer in water, see section 4.2.2). 
Good control over the polymerisation can be retained, exemplified by the quantitative 
monomer conversion and narrow distributions obtained in 30 minutes (Ð< 1.38, figure 5.1), 
though a significant deviation between theoretical and measured experimental molecular 
weight is noticeable (Mn
th 
= 10725 g.mol
-1
; Mn
exp 
= 22600 g.mol
-1
), which could be due to a 
limited initiator efficiency.  
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Figure 5.1. Monitoring the polymerisation of PEGMA475 in water 
([I]:[M]:[PMDETA]:[CuBr]= 1:20:0.6:1.1, 20% v/v monomer in water) at 0°C by 
1
H 
NMR (D2O, 400 MHz, left) and SEC (DMF eluent, right). 
 
Although changing the [ligand]:[CuBr] ratio from 0.6:0.8 to 0.6:1.1 has no particular effect 
on low DPn, it would be of interest to test the effect on higher targeted MW. Thus, similar 
reaction conditions were employed to polymerise PEGMA475 with higher DPn 
([I]:[M]:[PMDETA]:[CuBr]= 1:40:0.6:1.1, 20% v/v monomer in water). Unfortunately, a 
loss of control arises, reciprocated by tailing at low molecular weight on the SEC traces (Ð~ 
1.47, figure 5.2).  
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Figure 5.2. Monitoring the polymerisation of PEGMA475 in water 
([I]:[M]:[PMDETA]:[CuBr]= 1:40:0.6:1.1, 20% v/v monomer in water) at 0°C by 
1
H 
NMR (D2O, 400 MHz, left) and SEC (DMF eluent, right). 
 
The poor control could be due to the weak nature of the C-Br bond, which in addition to the 
use of low kp monomers (e.g. methacrylates), introduces more termination events, as 
commonly seen in classical ATRP conditions.
49
 Consequently, it was decided to investigate 
the nature of the carbon-halogen bond, via halogen exchange using a CuCl derived catalyst. 
The extent of disproportionation was tested in the presence of PMDETA, to ensure a 
quantitative formation of Cu(0) particles and [Cu
II
(PMDETA)Cl]Cl prior to initiator and 
monomer addition. Pleasingly, changing the nature of the copper salt does not affect the 
quantitative yield of disproportionation, as confirmed by UV-Vis spectroscopy (figure 5.3). 
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Figure 5.3. Monitoring the disproportionation of Cu(I)Cl in the presence of PMDETA 
in water.  
 
Subsequently, PEGMA475 was polymerised under comparable reaction conditions 
([I]:[M]:[PMDETA]:[CuCl]= 1:20:0.6:1.1, 20% v/v monomer in water), albeit a loss of 
control was unexpectedly observed (figure 5.4), with a significant deviation of MWD 
observed by SEC.  
 
Figure 5.4. Monitoring the polymerisation of PEGMA475 in water 
([I]:[M]:[PMDETA]:[CuCl]= 1:20:0.6:1.1, 20% v/v monomer in water) at 0°C by 
1
H 
NMR (D2O, 400 MHz, left) and SEC (DMF eluent, right). 
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The large dispersity values indicate that termination events remain prevalent in the halogen 
exchange system, which is attributable to inefficient deactivation due to dissociation of the 
deactivating complex ([Cu
II
(PMDETA)Cl]Cl).  
5.2.2 Addition of external halide salt 
 
It has been suggested that the addition of external halide salts can improve the control of 
polymerisation by reducing the extent of deactivator complex dissociation, as previously 
reported.
30
 Hence the polymerisation of PEGMA475 ([I]:[M]:[PMDETA]:[CuBr]= 
1:20:0.6:1.1, 20% v/v monomer in water) was first conducted with an external halide source 
NaBr (1M), utilising the pre-disproportionation of [Cu
I
(PMDETA)Br]Br prior to initiator 
and monomer addition, as moderate control could be attained with a bromide containing 
initiator/catalyst system. Pleasingly, the presence of the salt directly enhanced the control 
over the polymerisation, as evidenced by narrow MWD in SEC (Ð< 1.17, figure 5.5). 
Although the quantity of salt present in the reaction medium is greater than in previous 
reports, the presence of the salt did not lowered the speed of the polymerisation (as opposed 
to previous investigations),
30, 49, 50
 as near quantitative monomer conversions could still be 
attained within 30 minutes (table 5.1 entry 3).  
 
Figure 5.5. Monitoring the polymerisation of PEGMA475 in water 
([I]:[M]:[PMDETA]:[CuBr]= 1:20:0.6:1.1, 20% v/v monomer in water) with NaBr (1M) 
at 0°C by 
1
H NMR (D2O, 400 MHz, left) and SEC (DMF eluent, right). 
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Although a significant reduction of the dispersity values is observed, the asymmetrical shape 
of the SEC trace does not suggest a satisfactory control over the polymerisation. 
Consequently, it was decided to test the influence of the nature of the halide salt (e.g. NaCl, 
NaBr), as well as the nature of the initiator/catalyst system (e.g. CuCl or CuBr based 
complex) on the control over the polymerisation of PEGMA475. The polymerisation of 
PEGMA475 was conducted under similar reaction conditions ([I]:[M]:[PMDETA]:[CuBr]= 
1:20:0.6:1.1, 20% v/v monomer in water), albeit the salt was changed from NaBr to NaCl 
(1M). Although the monomer conversion remains unaffected (97% by 
1
H NMR, table 5.1 
entry 4), an asymmetrical SEC trace is observed with higher dispersity values (Ð< 1.28, 
figure 5.6 left), thus suggesting that adapting the nature of the halide salt is not sufficient to 
sustain good control over the polymerisation when utilising a bromide based 
initiator/catalyst system. Similar results are obtained when the pre-disproportionation of 
[Cu
I
(PMDETA)Cl] is exploited prior to initiator and PEGMA475 addition 
([I]:[M]:[PMDETA]:[CuCl]= 1:20:0.6:1.1, 20% v/v monomer in water), in the presence of 
NaBr (1M), as evidenced by asymmetrical SEC traces with low dispersity values (Ð< 1.22, 
figure 5.6 right).  
 
Figure 5.6. Monitoring the polymerisation of PEGMA475 in water 
([I]:[M]:[PMDETA]:[CuBr]= 1:20:0.6:1.1, 20% v/v monomer in water) with NaCl (1M) 
at 0°C (left) and PEGMA475 in water ([I]:[M]:[PMDETA]:[CuCl]= 1:20:0.6:1.1, 20% 
v/v monomer in water) with NaBr (1M) by SEC (DMF eluent, right). 
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The unexpected shape of the SEC traces, in addition to a slight broadening of the MWD 
could be attributed to unsatisfactory halogen exchange throughout polymerisation when 
utilising mixed halides as the initiator/catalyst system and salt (see section 5.1.1.).
15, 20
  
Consequently, a chloride salt (NaCl, 1M) was added to the reaction medium 
([I]:[PEGMA475]:[PMDETA]:[CuCl]= 1:20:0.6:1.1, 20% v/v monomer in water), directly 
enhancing the control over the polymerisation, as evidenced by symmetrical SEC traces with 
narrow MWD (Ð< 1.20, table 1 entry 7) even at high monomer conversions (> 99 % by 
1
H 
NMR). More importantly, this level of control could be expanded to a variety of targeted 
DPns for PPEGMA475 (DPn=10-160, table 5.1), whilst the dispersity values would remain 
low for DPn< 80 (Ð< 1.3, figure 5.7) and the monomer conversion quantitative within 30 
minutes. It thus comes to light that utilising a chloride containing deactivating complex as 
well as a chloride based salt could achieve better control for the Cu(0)-mediated 
polymerisation of PEGMA475 in water. 
 
Figure 5.7. Monitoring the polymerisation of various DPn of PEGMA475 in water 
([I]:[M]:[PMDETA]:[CuCl]= 1:DPn:x:y, 20% v/v monomer in water) (x=0.6-0.8), (y= 
1.1-1.6) under the presence of NaCl at 0°C by 
1
H NMR (D2O, 250 MHz, left) and SEC 
(DMF eluent, right).  
 
For DPn= 80-160, the concentration of halide salt had to be increased from 1M to 3M to 
retain symmetrical SEC traces with narrow MWD (Ð< 1.3); though limitations are evident 
for higher targeted DPn (DPn> 160), as the loss of control is revealed by a broadening of the 
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MWD (Ð~ 1.59). Pleasingly, when PEGMA1100 is employed as a monomer to target 
comparable molecular weights (Mn> 50000 g.mol
-1
), narrow MWD are observed at 
quantitative monomer conversion (Ð< 1.39, figure 5.8). However, longer reaction times are 
necessary (2 hours as opposed to 30 minutes). 
 
Figure 5.8. Monitoring the polymerisation of PEGMA1100 in water 
([I]:[M]:[PMDETA]:[CuCl]= 1:60:0.6:1.1, 20% v/v monomer in water) under the 
presence of salt (NaCl, 3M) at 0°C by 
1
H NMR (D2O, 400 MHz, left) and SEC (DMF 
eluent, right). 
 
The high molecular weight attained in addition to the good control over the MWD allows the 
polymer to be a candidate for bio-conjugation purposes.
51, 52
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Table 5.1. Influence of salt content on the polymerisation of PEGMA475 with various 
DPn.  
 
Entry PEGMA475 
DPn 
[I]:[PMDETA]:[CuX] 
X: Br, Cl 
Conc. 
Salt 
Conv. 
(%)
a
 
Mn 
(g.mol
-
1
)
b
 
Mw/Mn 
b 
1 10 1: 0.6: 1.1; CuCl 1M, 
NaCl 
> 99 10400 1.27 
2 20 1: 0.6: 1.1; CuBr n/a 96 22900 1.38 
3 20 1: 0.6: 1.1; CuBr 1M, 
NaBr 
97 16100 1.17 
4 20 1: 0.6: 1.1; CuBr 1M, 
NaCl 
97 16400 1.26 
5 20 1: 0.6: 1.1; CuCl n/a 96 69600 1.75 
6 20 1: 0.6: 1.1; CuCl 1M,  
NaBr 
99 18200 1.22 
7 20 1: 0.6: 1.1; CuCl 1M; 
NaCl 
> 99 15200 1.20 
8 40 1: 0.6: 1.1; CuBr n/a 94 27500 1.47 
9 40 1: 0.6: 1.1; CuCl 1M, 
NaCl 
> 99 23700 1.29 
10 80 1: 0.8: 1.6; CuCl 3M, 
NaCl 
> 99 39600 1.30 
11 160 1: 0.8: 1.6; CuCl 3M, 
NaCl 
> 99 58900 1.59 
a
 Obtained by 
1
H NMR (D2O, 250 MHz); 
b
 extracted from SEC analysis (DMF eluent, 
PMMA standards). 
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The previous experiments do not give a clear insight into the α,ω-Cl chain end fidelity, 
which is necessary for the synthesis of functional block copolymers. Consequently, in situ 
addition of a second aliquot of monomer was performed to indirectly assess the end group 
fidelity. PPEGMA475 was tested as an exemplar macroinitiator, with PEGMA475 (targeted 
DPn= 40) added upon high conversion of the first block (97 % by 
1
H NMR). The high 
retention of the halogen chain ends is confirmed by the shift in SEC towards higher MW, 
with quantitative consumption of the second monomer aliquot, whilst the MWD remained 
moderate (Ð< 1.41, figure 5.9). A slight broadening of the MWD can be observed, as the 
concentration of NaCl was kept the same for both targeted DPns, though the SEC traces 
remain symmetrical.  
 
Figure 5.9. Monitoring the chain extension of PPEGMA475 with PEGMA475 in water 
([I]:[M]:[PMDETA]:[CuCl]= 1:40:0.6:1.1, 20% v/v monomer in water) under the 
presence of NaCl (1M) at 0°C by 
1
H NMR (D2O, 250 MHz, left) and SEC (DMF eluent, 
right). 
 
5.2.3 Expanding the scope of hydrophilic monomers  
 
The scope of polymerisable methacrylates was further expanded, with MEMA utilised as 
one of the building block of a pentablock copolymer. It should be emphasised that the 
presence of a supplementary halide salt is necessary to retain the control over the formation 
of a well-defined copolymer. Indeed, it is clear that the halogen chain ends, as well as the 
narrow MWD cannot be retained for the polymerisation of PMEMA10-b-PEG-b-PMEMA10 
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in the absence of salt, reciprocated by broad MWD in SEC (Ð~ 3.1, figure 5.10) and poor 
agreement between theoretical and experimental molecular weights (Mn
th 
= 5210 g.mol
-1
; 
Mn
exp 
= 8100 g.mol
-1
).  
 
Figure 5.10. Monitoring the chain extension of PMEMA with PEGMA475 in water 
([I]:[M]:[PMDETA]:[CuCl]= 1:20:0.6:1.1, 20% v/v monomer in water) without the 
presence of NaCl (1M) at 0°C by SEC (DMF eluent, bottom).  
 
However, the addition of NaCl (up to 1M concentration) allows good retention of the α,ω-Cl 
end groups throughout polymerisation, even at high monomer conversion. This is confirmed 
upon sequential addition of an aliquot of deoxygenated PEGMA475 solution, inducing a 
complete shift towards higher MW in SEC, whilst the MWD remain narrow (Ð< 1.28, figure 
5.11). The reduction of the MWD could be induced by a better solubility of the copolymer in 
the SEC eluent. 
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Figure 5.11. Monitoring the chain extension of PMEMA with PEGMA475 in water 
([I]:[M]:[PMDETA]:[CuCl]= 1:20:0.6:1.1, 20% v/v monomer in water) with the 
presence of NaCl (1M) at 0°C by 
1
H NMR (D2O, 250 MHz, top) and SEC (DMF eluent, 
bottom).  
 
The importance over the presence of a halide salt is further exploited for the 
copolymerisation of DMAEMA, SBMA and MPC with PEGMA475 respectively. In the case 
of DMAEMA, a second monomer aliquot is added at 75% conversion (by 
1
H NMR in 30 
minutes figure 5.12) of the first block to avoid extensive hydrolysis of the unreacted 
monomer, hence affecting the integrity of the block copolymer.
53
 Nevertheless, good 
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retention of the halide chain ends is observed, as evidenced by a shift towards higher MWD 
in SEC, accompanied by a reduction of the dispersity value (Ð< 1.37).  
 
Figure 5.12. Monitoring the chain extension of PDAEMA with PEGMA475 in water 
([I]:[M]:[PMDETA]:[CuCl]= 1:20:0.6:1.1, 20% v/v monomer in water) under the 
presence of salt (NaCl, 1M) at 0°C by 
1
H NMR (D2O, 400 MHz, left) and SEC (DMF 
eluent, right). 
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5.2.4 Polymerisation of zwitterionic monomers in aqueous medium 
 
The polymerisation of zwitterionic monomers has proved to be problematic, mainly due to 
the limited solubility in organic solvents (and mixtures) in addition to spontaneous 
polymerisation in water.
45
 A few reports deal with the polymerisation of SBMA and MPC 
under copper-mediated conditions in aqueous medium, it was therefore interesting to test the 
versatility of Cu(0)-mediated RDRP in water with zwitterionic monomers.  
Pleasingly, previously reported issues on zwitterions polymerisation are not present upon the 
addition of salt and co-solvent, allowing good control over the polymerisation of SBMA 
under similar reaction conditions ([I]:[M]:[PMDETA]:[CuCl]= 1:20:0.6:1.1, 20% v/v 
monomer in EtOH/H2O 25% v/v). The presence of a co-solvent allows better solubility of 
the zwitterionic monomer and polymer, which allows good polymerisation with high 
conversions (> 98 % by 
1
H NMR) and moderate MWD (Ð< 1.43, figure 5.14). 
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Figure 5.14. Monitoring the chain extension of PSBMA with PEGMA475 in water 
([I]:[M]:[PMDETA]:[CuCl]= 1:20:0.6:1.1, 20% v/v monomer in water) under the 
presence of salt (NaCl, 1M) at 0°C by 
1
H NMR (D2O, 400 MHz) and SEC (0.1M 
NaNO3 eluent). 
 
More importantly, a sequential addition of a deoxygenated aliquot of PEGMA475 revealed a 
complete shift towards higher MWD in SEC, whilst retaining moderate MWD (Ð< 1.50). 
This clearly indicates a high halide end group fidelity when SBMA is polymerised under 
Cu(0)-mediated RDRP in aqueous medium. 
Similarly, the polymerisation of a second zwitterion, MPC, was tested under similar reaction 
conditions, though the co-solvent had to be adapted ([I]:[M]:[PMDETA]:[CuCl]= 
1:20:0.6:1.1, 20% v/v monomer in IPA/H2O 25% v/v), according to previous reports. 
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Pleasingly, a comparable level of control was attained whilst polymerising MPC in aqueous 
medium, reciprocated by near quantitative monomer conversions (> 96 % by 
1
H NMR) and 
moderate dispersity values (Ð< 1.7, figure 5.15).  
 
 
Figure 5.15. Monitoring the chain extension of PMPC with PEGMA475 in water 
([I]:[M]:[PMDETA]:[CuCl]= 1:10:0.6:1.1, 20% v/v monomer in water) under the 
presence of NaCl (1M) at 0°C by SEC (0.1M NaNO3 eluent).  
 
The high retention of the halide chain ends allows good chain extension from zwitterionic 
macromonomer moieties, despite a moderate control over the MWD. This further expands 
the scope of monomer moieties accessible by Cu(0)-mediated polymerisation in aqueous 
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media. Indeed, to the best of our knowledge, this is the first report of an homogenous block 
copolymerisation of SBMA and MPC in aqueous media whilst utilising Cu(0) as the primary 
copper source.  
5.3  Conclusions 
 
In this chapter, the copolymerisation of water soluble and zwitterionic methacrylates was 
presented. The versatility of the pre-disproportionation of [Cu
I
(PMDETA)Cl] prior to 
initiator and monomer addition was further expanded by addition of an halide salt, providing 
access to high molecular weight homopolymers and block copolymers with near quantitative 
conversion for each block and narrow MWD (Ð~ 1.3). Furthermore, the presence of the 
halide salt proved to be of upmost importance for the successful Cu(0)-mediated block 
copolymerisation of zwitterionic moieties in aqueous solution, whilst retaining good control 
(Ð< 1.3).  
5.4  Experimental 
 
5.4.1 Materials 
 
Previously employed materials can be found in sections 2.4.1, 3.4.1 and 4.4.1.  
Poly(ethylene glycol) methyl ether methacrylate (PEGMA1100, 98%, Sigma-Aldrich, av. Mn 
= 1100 g.mol
-1
), 2-morpholinoethyl methacrylate (MEMA, 95%, Sigma-Aldrich), copper(II) 
chloride (Cu
II
Cl2, 97%, Sigma-Aldrich), 1,3-Propanesultone (97%, Fisher Scientific), 2-
isopropanol (IPA, reagent grade, VWR), methanol (MeOH, reagent grade, VWR), ethanol 
(EtOH, reagent grade, Sigma-Aldrich) and water (HPLC grade, VWR) were used as 
received without further purification. 2-dimethylaminoethyl methacrylate (DMAEMA, 98%, 
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Sigma-Aldrich) was passed twice through basic alumina, deoxygenated and stored under 
nitrogen at 4°C. 2-Methacryloyloxyethyl phosphorylcholine (MPC) was kindly donated by 
Biocompatibles UK.  
Copper(I) chloride (CuCl, 97%, Sigma-Aldrich) was purified by the method of Keller and 
Wycoff,
54
 by washing five times with acetic acid glacial, rinsed with ethanol and diethyl 
ether and dried over reduced pressure overnight.  
 
5.4.2 Characterisation 
 
1
H, 
13
C NMR spectra were recorded on Bruker ACF-250, DPX-300, DPX-400 and DPX-500 
spectrometers using deuterated solvents obtained from Sigma-Aldrich.  
DMF SEC traces were obtained on a PL-GPC50 system using a DMF (+ 0.1M LiBr) eluent 
at 50°C, equipped with refractive index and UV detectors, 2 × PLgel 5 mm mixed D 
columns (300 × 7.5 mm), 1 × PLgel 5 mm guard column (50 × 7.5 mm) and autosampler. 
Narrow linear poly(methyl methacrylate) standards in range of 200 to 1.0 × 10
6
 g·mol
-1
 were 
used to calibrate the system. All samples were passed through 0.45 µm PTFE filter before 
analysis.  
Aqueous SEC traces were obtained on a PL-GPC50 system using a buffer (0.1M NaNO3, pH 
7.4) eluent at 30°C, equipped with a refractive index detector, two PLaquagel-OH 30 (300 × 
7.5 mm), PLaquagel guard (50 × 7.5 mm) and autosampler. Narrow linear poly(ethylene 
oxide) standards in range of 200 to 1.3 × 10
5
 g.mol
-1
 were used to calibrate the system. All 
samples were passed through 0.22 μm PTFE filter before analysis. 
5.4.3 Synthesis of initiators 
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See section 3.4.3 
5.4.4 Synthesis of monomers 
 
5.4.4.1 Synthesis of [2-(methacryloyloxy)ethyl]dimethyl-(3-
sulfopropyl)ammonium hydroxide 
 
To a 250 mL RB flask was added 2-dimethylaminoethyl methacrylate (6.4 mL, 38.1 mmol) 
and diethyl ether (40 mL). 1,3-Propanesultone (4.6 g, 1 eq) was added dropwise to the 
solution and the mixture was left to stir overnight under nitrogen at ambient temperature. 
The resulting white precipitate was filtered, washed with diethyl ether and dried overnight 
over reduced pressure. A white solid was obtained (6.25 g, 58 % yield).  
1
H NMR (D2O, 500 MHz): 6.11-5.73 (2H, d, CH2=C(CH3)), 4.55 (2H, m, O-CH2-CH2), 3.74 
(2H, m, O-CH2-CH2), 3.53 (2H, m, N
+
(CH2)2-CH2-), 3.17 (6H, s, N
+
(CH2)2), 2.93 (2H, m, -
CH2-SO3
-
), 2.22 (2H, m, CH2-CH2-CH2-SO3
-
) and 1.89 (s, 3H, CH2=C(CH3)). 
13
C NMR 
(D2O, 125 MHz): 168 (C=O), 135 (C(CH3)=CH2), 127 (CH2=C(CH3)), 63 (N(CH3)2CH2-), 
62 (O-CH2-CH2), 58 (O-CH2-CH2), 51 (N(CH3)2), 47 (CH2-SO3
-
), 18 (CH2-CH2-CH2-SO3
-
) 
and 17 ((CH3)C=CH2). HRMS (ESI, m/z, Da): [M+Na
+
] 302.2 (302.1 Th).  
5.4.5 Monitoring the disproportionation of [CuI(PMDETA)Cl] in water 
 
The theoretical disproportionation curve was obtained by preparing a solution of Cu
II
Cl2 
(10.8 mg, 4.8 10
-5
 mol) in the presence of PMDETA (11.5 μL) in H2O. Disproportionation 
was performed by adding Cu(I)Cl (14 mg, 9.7 10
-5
 mol) to a solution of solvent (2 mL) and 
PMDETA (11.5 μL, 0.75 eq.), which was left to stir and deoxygenate with nitrogen for 15 
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minutes. Subsequently, the solution was filtered under nitrogen to remove any Cu(0) 
particles. UV-Vis spectrum was recorded using a quartz cuvette (path length 1 cm).  
5.4.6 Disproportionation of [CuI(PMDETA)Br] to catalyse the 
polymerisation of PEGMA475 in water 
 
Please refer to section 4.4.5 
5.4.7 Disproportionation of [CuI(PMDETA)Br] to catalyse the 
polymerisation of PEGMA475 in water in the presence of salt 
 
The nature of the salt can also be changed from NaBr to NaCl.  
 
To an oven dried Schlenk tube fitted with a magnetic stirring bar and rubber septum was 
added H2O (2 mL), PMDETA (20.5 μL, 0.6 eq.) and Cu(I)Br (28.1 mg, 1.1 eq.). The 
solution was left to deoxygenate for 20 minutes and to stir for an extra 10 minutes. A vial 
fitted with a rubber septum and magnetic stirring bar was charged with poly(ethylene glycol) 
bis(2-bromoisobutyrate) (200 mg, 0.16 mmol), PEGMA475 (1.44 mL, 10 eq.), NaBr (617 mg, 
1M) and H2O (4 mL). The mixture was left to stir until complete dissolution of the monomer 
(typically 2 minutes) and deoxygenated with nitrogen for 10 minutes. The solution was 
cannulated into the Schlenk tube and the reaction was left to polymerise at 0°C. 
5.4.8 Disproportionation of [CuI(PMDETA)Cl] to catalyse the polymerisation 
of PEGMA475 in water 
 
This procedure to target DPn= 20 can be adapted to higher DPns, whilst retaining similar 
monomer concentration (20 % v/v). 
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To an oven dried Schlenk tube fitted with a magnetic stirring bar and rubber septum was 
added H2O (2 mL), PMDETA (20.5 μL, 0.6 eq.) and Cu(I)Cl (17.5 mg, 1.1 eq.). The 
solution was left to deoxygenate for 20 minutes and to stir for an extra 10 minutes. A vial 
fitted with a rubber septum and magnetic stirring bar was charged with poly(ethylene glycol) 
bis(2-bromoisobutyrate) (200 mg, 0.16 mmol), PEGMA475 (1.44 mL, 20 eq.) and H2O (4 
mL). The mixture was left to stir until complete dissolution of the monomer (typically 2 
minutes) and deoxygenated with nitrogen for 10 minutes. The solution was cannulated into 
the Schlenk tube and the reaction was left to polymerise at 0°C. 
5.4.9 Disproportionation of [CuI(PMDETA)Cl] to catalyse the polymerisation 
of PEGMA475 in the presence of salt.  
 
This procedure for [I]:[M]:[PMDETA]:[CuCl]= 1:10:0.6:1.1, 20% v/v monomer in water can 
be adapted for higher DPn, whilst retaining similar monomer concentration (20 % v/v). 
Moreover, the [PMDETA]:[CuCl] ratios can be adapted from 0.6:1.1 to 0.8:1.6. The 
concentration of salt is also changed from 1M to 3M.  
 
To an oven dried Schlenk tube fitted with a magnetic stirring bar and rubber septum was 
added H2O (2 mL), PMDETA (41 μL, 0.6 eq.) and Cu(I)Cl (35.1 mg, 1.1 eq.). The solution 
was left to deoxygenate for 20 minutes and to stir for an additional 10 minutes. A vial fitted 
with a rubber septum and magnetic stirring bar was charged with poly(ethylene glycol) 
bis(2-bromoisobutyrate) (400 mg, 0.32 mmol), PEGMA475 (1.44 mL, 10 eq.), NaCl (350 mg, 
1M) and H2O (4 mL). The mixture was left to stir until complete dissolution of the monomer 
(typically 2 minutes) and deoxygenated with nitrogen for 10 minutes. The solution was 
cannulated into the Schlenk tube and the reaction was left to polymerise at 0°C. 
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Sequential additions were performed as followed. A vial fitted with a rubber septum and 
magnetic stirring bar was charged with monomer (PEGMA475, 40 eq.), NaCl (234 mg, 1M) 
and H2O (4 mL). The mixture was left to stir until complete dissolution of the monomer 
(typically 1 minutes) and deoxygenated with nitrogen for 10 minutes. The solution was 
cannulated into the reaction vessel upon 30 minutes of polymerisation and the reaction was 
left to stir at 0°C.  
5.4.10 Disproportionation of [CuI(PMDETA)Cl] to catalyse the polymerisation 
of PEGMA1100 in the presence of salt 
 
To an oven dried Schlenk tube fitted with a magnetic stirring bar and rubber septum was 
added H2O (2 mL), PMDETA (5 μL, 0.6 eq.) and Cu(I)Cl (6.5 mg, 1.6 eq.). The solution 
was left to deoxygenate for 20 minutes and to stir for an extra 10 minutes. A vial fitted with 
a rubber septum and magnetic stirring bar was charged with poly(ethylene glycol) bis(2-
bromoisobutyrate) (50 mg, 4.10
-5
 mol), PEGMA1100 (2.7 g, 60 eq.), NaCl (2.1 g, 3M) and 
H2O (10 mL). The mixture was left to stir until complete dissolution of the monomer 
(typically 2 minutes) and deoxygenated with nitrogen for 10 minutes. The solution was 
cannulated into the Schlenk tube and the reaction was left to polymerise at 0°C. 
 
5.4.11 Disproportionation of [CuI(PMDETA)Cl] to catalyse the polymerisation 
of MEMA in the presence of salt  
 
To an oven dried Schlenk tube fitted with a magnetic stirring bar and rubber septum was 
added H2O (2 mL), PMDETA (20.5 μL, 0.6 eq.) and Cu(I)Cl (17.5 mg, 1.1 eq.). The 
solution was left to deoxygenate for 20 minutes and to stir for an extra 10 minutes. A vial 
fitted with a rubber septum and magnetic stirring bar was charged with poly(ethylene glycol) 
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bis(2-bromoisobutyrate) (200 mg, 0.16 mmol), MEMA (650 mg, 20 eq.), NaCl (350 mg, 
1M) and EtOH/H2O 25% v/v (4 mL). The mixture was left to stir until complete dissolution 
of the monomer (typically 2 minutes) and deoxygenated with nitrogen for 10 minutes. The 
solution was cannulated into the Schlenk tube and the reaction was left to polymerise at 0°C.  
Sequential addition was performed in a vial fitted with a rubber septum and magnetic 
stirring bar charged with monomer (PEGMA475, 20 eq.), NaCl (234 mg, 1M) and H2O (4 
mL). The mixture was left to stir until complete dissolution of the monomer (typically 1 
minutes) and deoxygenated with nitrogen for 10 minutes. The solution was cannulated into 
the reaction vessel upon 30 minutes of polymerisation and the reaction was left to stir at 0°C.  
 
5.4.12 Disproportionation of [CuI(PMDETA)Cl] to catalyse the polymerisation 
of DMAEMA in the presence of salt  
 
To an oven dried Schlenk tube fitted with a magnetic stirring bar and rubber septum was 
added H2O (2 mL), PMDETA (20.5 μL, 0.6 eq.) and Cu(I)Cl (17.5 mg, 1.1 eq.). The 
solution was left to deoxygenate for 20 minutes and to stir for an extra 10 minutes. A vial 
fitted with a rubber septum and magnetic stirring bar was charged with poly(ethylene glycol) 
bis(2-bromoisobutyrate) (200 mg, 0.16 mmol), DMAEMA (550 μL, 20 eq.), NaCl (350 mg, 
1M) and MeOH/H2O 50% v/v (4 mL). The mixture was left to stir until complete dissolution 
of the monomer (typically 2 minutes) and deoxygenated with nitrogen for 10 minutes. The 
solution was cannulated into the Schlenk tube and the reaction was left to polymerise at 0°C.  
Sequential addition was performed as follows. A vial fitted with a rubber septum and 
magnetic stirring bar was charged with monomer (PEGMA475, 20 eq.), NaCl (234 mg, 1M) 
and H2O (4 mL). The mixture was left to stir until complete dissolution of the monomer 
(typically 1 minutes) and deoxygenated with nitrogen for 10 minutes. The solution was 
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cannulated into the reaction vessel upon 30 minutes of polymerisation and the reaction was 
left to stir at 0°C. 
 
5.4.13 Disproportionation of [CuI(PMDETA)Cl] to catalyse the polymerisation 
of SBMA in the presence of salt 
 
To an oven dried Schlenk tube fitted with a magnetic stirring bar and rubber septum was 
added H2O (2 mL), PMDETA (20.5 μL, 0.6 eq.) and Cu(I)Cl (17.5 mg, 1.1 eq.). The 
solution was left to deoxygenate for 20 minutes and to stir for an extra 10 minutes. A vial 
fitted with a rubber septum and magnetic stirring bar was charged with poly(ethylene glycol) 
bis(2-bromoisobutyrate) (200 mg, 0.16 mmol), SBMA (0.91 g, 20 eq.), NaCl (350 mg, 1M) 
and MeOH/H2O 50 % v/v (4 mL). The mixture was left to stir until complete dissolution of 
the monomer (typically 2 minutes) and deoxygenated with nitrogen for 10 minutes. The 
solution was cannulated into the Schlenk tube and the reaction was left to polymerise at 0°C. 
Sequential addition was performed as follows. A vial fitted with a rubber septum and 
magnetic stirring bar was charged with monomer (PEGMA475, 20 eq.), NaCl (234 mg, 1M) 
and H2O (4 mL). The mixture was left to stir until complete dissolution of the monomer 
(typically 1 minutes) and deoxygenated with nitrogen for 10 minutes. The solution was 
cannulated into the reaction vessel upon 30 minutes of polymerisation and the reaction was 
left to stir at 0°C. 
 
5.4.14 Disproportionation of [CuI(PMDETA)Cl] to catalyse the polymerisation 
of MPC in the presence of salt 
 
Chapter 5.  The importance of external halide salt for the Cu(0)-mediated 
(co)polymerisation of methacrylic monomers in water 
 
 
Alexandre Simula 188 
 
To an oven dried Schlenk tube fitted with a magnetic stirring bar and rubber septum was 
added H2O (2 mL), PMDETA (20.5 μL, 0.6 eq.) and Cu(I)Cl (17.5 mg, 1.1 eq.). The 
solution was left to deoxygenate for 20 minutes and to stir for an extra 10 minutes. A vial 
fitted with a rubber septum and magnetic stirring bar was charged with poly(ethylene glycol) 
bis(2-bromoisobutyrate) (200 mg, 0.16 mmol), MPC (0.96 g, 20 eq.), NaCl (350 mg, 1M) 
and IPA/H2O 50% v/v (4 mL). The mixture was left to stir until complete dissolution of the 
monomer (typically 2 minutes) and deoxygenated with nitrogen for 10 minutes. The solution 
was cannulated into the Schlenk tube and the reaction was left to polymerise at 0°C. 
Sequential addition was performed as follows. A vial fitted with a rubber septum and 
magnetic stirring bar was charged with monomer (PEGMA475, 20 eq.), NaCl (234 mg, 1M) 
and H2O (4 mL). The mixture was left to stir until complete dissolution of the monomer 
(typically 1 minutes) and deoxygenated with nitrogen for 10 minutes. The solution was 
cannulated into the reaction vessel upon 30 minutes of polymerisation and the reaction was 
left to stir at 0°C. 
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Conclusions 
 
Conclusions 
 
In this thesis, the development of “novel” strategies to yield functional telechelics by Cu(0)-
mediated RDRP was presented. In the introduction chapter, a brief literature review was 
given, in order to give an historical background on the importance of telechelics in the 
development of polymer materials. Advances on the careful synthesis of telechelic polymers 
allowed the development of polymer matrixes which will later find their use in coatings, 
personal care, targeted delivery and many others. The developments in the synthetic tools, 
from CFRP to ionic polymerisation, followed by the recent advances in RDRP became of 
upmost importance to expand the scope of physical properties and functionalities achievable 
through the use of telechelic polymers.  
Among the plethora of RDRP techniques available, the recent development on Cu(0)-
mediate RDRP triggered the design of functional materials with excellent end-group fidelity 
and various reactive chain ends. Hence, in chapter 2, the versatility of the polymerisation 
tool was tested towards the design of α,ω-functional polyacrylates. Utilising Cu(0)-wire as 
the primary copper source in DMSO proved to be a versatile tool for the retention of halide 
chain ends at quantitative monomer conversion, whilst maintaining narrow MWD. This was 
exemplified by the controlled polymerisation of hydrophobic and hydrophilic monomer 
moieties, i.e. n-BA and PEGA480, allowing the design of tailor-made (co)polymers. The 
reactive halide end groups could be further reacted post-polymerisation via nucleophilic 
substitution or atom transfer radical addition (ATRA). Indeed, 2-mercapto ethanol, 
dodecanethiol and allyl-alcohol were utilised to end-cap the halide chain ends and alter the 
end group functionality. Polyacrylate diols could be generated at high yield (> 90%), as 
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confirmed by a combination of NMR and MALDI-ToF MS. The reactivity of the α,ω-
hydroxyl polymers was tested by reaction with isocyanates and with a more sophisticated 
ROP of ε-caprolactone, yielding an amphiphilic PCL-b-PBA-b-PCL triblock copolymer. 
Those investigations expanded the scope of functional structures attainable by Cu(0)-
mediated polymerisation in organic medium, with Cu(0)-wire as the primary copper source. 
More importantly the hydroxyl chain ends will still retain good reactivity, as exemplified by 
further modifications. 
In chapter 3, a pre-disproportionation approach, whereby [Cu
I
(Me6-TREN)Br] quantitatively 
yields Cu(0) particles and [Cu
II
(Me6-TREN)Br]Br in water prior to initiator and monomer 
addition, was selected as a robust tool to mediate the polymerisation of high kp monomers 
(e.g. acrylamides, acrylates) in water. This process was tested to yield telechelic multiblock 
copolymers, whilst circumventing some issues arising from Cu-mediated processes in water. 
At first, telechelic polyacrylamides and polyacrylates were obtained in alcoholic media 
(IPA/H2O 50 % v/v) with high conversions and narrow MWD (Ð< 1.2). However, more 
sophisticated structures, i.e. multiblock copolymers, could only be attained in water, with the 
use of a water-soluble bi-functional initiator. This allowed the design of heptablock 
copolymers with good tolerance over the monomer moieties (e.g. acrylates, acrylamides), 
with additional stimuli-responsive behaviour. Interestingly, the near quantitative hydrolysis 
of the halide chain ends resulted in rapid formation of α,ω-hydroxyl telechelic which could 
be further reacted post-polymerisation. The responsive behaviour of the copolymers was 
assessed by cloud point temperature (Tcp) measurement, wherein monomer composition, 
molecular weight and chain end hydrophilicity demonstrated to have a significant influence 
on Tcp values and aggregation properties of the material.  
The investigations in chapter 2 and 3 gave two robust Cu(0)-mediated polymerisation 
methods to yield telechelic copolymers in both aqueous and organic media. Both Cu(0)-wire 
and in situ generated Cu(0)-particles have been utilised as the primary copper source to 
copolymerise high kp monomers (e.g. acrylates, acrylamides) in DMSO and water 
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respectively. Nevertheless, neither of the two procedures has been tested for the 
copolymerisation of well-defined polymethacrylates. Hence, in chapter 4, a comprehensive 
study on the formation of polyether acrylates and methacrylates is provided in both DMSO 
and water. The effect of copper source, i.e. Cu(0)-wire and pre-disproportionated [Cu
I
(L)Br], 
has been carefully assessed for the formation of well-defined homopolymers (through 
kinetic studies) and block copolymers via in situ chain extensions. Moreover, the 
combination of ligands (e.g. Me6-TREN, PMDETA) and monomer (e.g. acrylates, 
methacrylates) with matching activity was investigated towards optimum retention of both 
MWD and chain end fidelity, which is not usually discussed in Cu(0)-mediated 
polymerisation. Indeed, the thorough examination of the effect of each component (e.g. 
copper source, solvent, ligand and monomer) revealed that a non-adapted combination 
would be deleterious for the “living” character of the polymerisation, the rate, the chain ends 
retention and MWD. In DMSO, the Cu(0)-wire mediated polymerisation of PEGA480 and 
PEGMA475 would result in good control over the MWD at high (> 78% by 
1
H NMR) 
monomer conversion when using either Me6-TREN or PMDETA as a ligand. However, the 
α,ω-Br chain ends could only be retained when the polyether acrylate was matched with 
Me6-TREN ligand, whilst poor halide retention was observed for PPEGMA475 with both 
ligands. Subsequently, the chain end fidelity and the rate of polymerisation were enhanced in 
aqueous medium, exploiting the pre-disproportionation of [Cu
I
(L)Br] prior to initiator and 
monomer addition in situ. The careful selection of ligand and monomer with matching 
activities revealed to be of upmost importance to retain both “livingness”, narrow 
distributions and good chain end fidelity. As such, polymethacrylates could be synthesised 
with near quantitative monomer conversion and narrow MWD (Ð< 1.38), thus enhancing the 
scope of materials accessible with Cu(0)-mediated polymerisation with halide chain ends 
retention.  
Nevertheless, the exemplar polyether methacrylates could not be polymerised at higher 
molar mass with similar degree of control. Consequently, efforts have been conducted in 
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chapter 5 to further enhance the control over the (co)polymerisation of methacrylic moieties 
in aqueous media. At first, alteration of the carbon-bromide bond towards a stronger carbon-
chloride bond was attempted through an halogen exchange between the initiating species 
and a [Cu
II
(PMDETA)Cl]Cl deactivating complex. However, the moderate stability of the 
Cu(II) species in water proved to be deleterious to carefully retain narrow distibutions. 
Hence, an external halide source, i.e. NaCl was introduced in the polymerisation mixture to 
enhance the stability of the deactivating species. This let to further reduction in the dispersity 
values for higher molar mass of PPEGMA475 (Mn> 50000 g.mol
-1
, Ð< 1.37) at quantitative 
monomer conversion. The presence of salt was found to be of upmost importance to yield 
block-copolymers with narrow distributions, for a wider range of monomer functionalities. 
As such, hydrophilic monomers such as MEMA and DMAEMA could be copolymerised 
with PEGMA475 in aqueous media at high conversions and with good control over the MWD 
and halide chain ends. The scope of monomers moieties was further expanded to 
zwitterionic monomers, i.e. SBMA and MPC, which could be successfully (co)polymerised 
by Cu(0)-mediated polymerisation. 
In conclusion, this work exploits the high chain end-fidelity attainable by a Cu(0)-mediated 
polymerisation process to yield telechelic polymers with various functionalities. Moreover, 
the initial investigations on Cu(0)-mediated RDRP of acrylates in organic solvents were 
further expanded in aqueous media, paving the way to a wide range of accessible monomer 
moieties, i.e. acrylamides and (meth)acrylates. This allowed the design of “smart” materials, 
with stimuli-responsive behaviour and high tolerance over the monomer moieties. The scope 
of telechelic materials was further expanded, through the incorporation of zwitterionic 
monomers in functional pentablock copolymers. Most importantly, in any part of this study, 
the nature of a telechelic polymer, “reactive through its chain ends”, has been tested and 
pushed to its limits in various solvents, over different functionalities (halides, hydroxyl) and 
to various monomers. As such, the broad range of applications of telechelic polymers can be 
further expanded, having Cu(0)-mediated RDRP as “new” and versatile synthetic tool. 
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Perspectives 
 
Perspectives 
 
Exploiting the high end group fidelity attainable with Cu(0)-mediated RDRP proved to be a 
satisfactory route towards the design of functional α,ω-telechelics in polar media. Moreover, 
the expanded breath of polymerisable moieties accessible through this technique, i.e. 
(meth)acrylates, acrylamides, with various properties allows the preparation of sophisticated 
materials. However, the synthetic background of this thesis does not fully reflect the use of 
telechelics in an industrial context, which would be highly desirable. In addition, a 
mechanistic understanding of the synthetic tools employed in all chapters as well as further 
optimisation of (co)polymerisation conditions would be appreciated, in order to yield “tailor-
made” telechelic polymers. In this section, several perspectives are suggested in order to 
improve, or exploit the investigations conducted herein.  
From the synthesis of hydrophobic diols in chapter 2, utilising Cu(0)-wire as a primary 
copper source, several optimisations and future work come to mind. The high yield of diols 
(>95 %) could be improved, through further tuning of reaction conditions (e.g. temperature, 
ligand and copper ratios). This would have a significant impact on further use of such 
macrodiols to yield polyurethanes and/or polyesters. Moreover, changing the properties of 
the telechelic diols (e.g. glass transition temperature, response to various stimuli) could 
subsequently provide access to valuable polymer matrixes.  
In chapter 3, the in situ synthesis of poly(acrylamide) diols could pave the way to a variety 
of acrylamide-containing materials, such as dispersants or thickeners. Indeed, the reactivity 
of the hydroxyl chain ends allows a facile tuning of the (co)polymers properties post-
polymerisation.  
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In chapter 4 and 5, the synthesis of poly(methacrylates) via Cu(0)-mediated RDP was 
presented. Despite the design of various hydrophilic and zwitterionic copolymers, the broad 
MWD does not match the literature. The first optimisation of the synthetic tool should be 
towards initiation, through the use of more stable initiating radicals. This could provide 
enhanced control towards the design of α,ω-telechelics, with good chain end fidelity and 
narrow MWD 
. 
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Appendix A 
 
Appendix A 
Initiator synthesis 
 
Figure A.1. 
13
C NMR (100MHz, CDCl3) spectrum of ethylene bis(2-bromoisobutyrate). 
 
Figure A.2. FT-IR spectrum of ethylene bis(2-bromoisobutyrate).  
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Figure A.3. 
13
C NMR (100MHz, CDCl3) spectrum of bis[2-(2-
bromoisobutyryloxy)ethyl] disulphide. 
 
 
Figure A.4. FT-IR spectrum of bis[2-(2-bromoisobutyryloxy)ethyl] disulphide. 
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Polymer synthesis 
 
Figure A.5. 
13
C NMR (CDCl3, 75 MHz) of poly(n-butyl acrylate) (Mn= 3400 g.mol
-1
, 
Ð= 1.10), initiated by bis[2-(2-bromoisobutyryloxy)ethyl] disulphide. 
 
Figure A.6. 
13
C NMR (CDCl3, 75 MHz) of reduced poly(n-butyl acrylate) (Mn= 1400 
g.mol
-1
, Ð= 1.2), initiated by bis[2-(2-bromoisobutyryloxy)ethyl] disulphide. 
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Figure A.7. 
13
C NMR (CDCl3, 75 MHz) of hydroxyl terminated poly(n-butyl acrylate) 
(Mn= 3600 g.mol
-1
, Ð= 1.09). 
 
 
Figure A.8. 
13
C NMR (CDCl3, 75 MHz) of α,ω-hydroxyl terminated poly(n-butyl 
acrylate) utilizing allyl alcohol. 
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Figure A.9. 
13
C NMR (CDCl3, 100 MHz) of dodecanethiol modified poly[poly(ethylene 
glycol) methyl ether acrylate].  
 
Figure A.10. 
13
C NMR (CDCl3, 75 MHz) of ‘end-capped’ α,ω-hydroxyl terminated 
poly(n-butyl acrylate) (Mn=3600 g.mol
-1
, Ð= 1.09) with phenyl isocyanate. 
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Figure A.11. 
13
C NMR (CDCl3, 75 MHz) of poly(ε-caprolactone)-block-poly(n-butyl 
acrylate)-block-poly(ε-caprolactone) (Mn= 5800 g.mol
-1
, Ð= 1.4). 
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Appendix B 
 
Appendix B 
 
Figure B.1. FT-IR spectrum of poly(ethylene glycol) bis(2-bromoisobutyrate).  
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Figure B.2. COSY (d6-DMSO, 400 MHz) of butyl isocyanate modified poly(N-
isopropylacrylamide)10-b-poly(ethylene glycol)-b-poly(N-isopropylacrylamide)10 . 
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Figure B.3. DLS measurement of 1 mg/mL solution of hydrophobically modified 
poly(N-isopropylacrylamide)10-b-poly(ethylene glycol)-b-poly(N-
isopropylacrylamide)10 in water, by intensity.  
 
 
Figure B.4. DLS measurement of 1 mg/mL solution of hydrophobically modified 
poly(N-isopropylacrylamide)10-b-poly(ethylene glycol)-b-poly(N-
isopropylacrylamide)10 in water, by intensity.  
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Figure B.5. In situ temperature monitoring of the polymerisation of NIPAAm 
([I]:[M]:[Me6-TREN]:[Cu(I)Br] 1: 20: 0.4: 0.8, 20% w/w monomer in water) at 5°C in a 
double jacketed reactor.  
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Appendix C 
 
Appendix C 
 
 
Figure C.1. Monitoring the polymerisation of PEGMA475 in water 
([I]:[M]:[PMDETA]:[CuCl]= 1:20:0.6:1.1, 20% v/v monomer in water) with NaBr (1M) 
at 0°C by 
1
H NMR (D2O, 250 MHz). 
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Figure C.2. Monitoring the polymerisation of PEGMA475 in water 
([I]:[M]:[PMDETA]:[CuBr]= 1:20:0.6:1.1, 20% v/v monomer in water) with NaCl (1M) 
at 0°C by 
1
H NMR (D2O, 250 MHz). 
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Appendix D 
 
Appendix D: Towards functional materials; building telechelic 
polymers in an industrially relevant context 
 
 
 
Specific design of α,ω-telechelic polymer is presented, in line with Lubrizol requirements 
over the course of the PhD thesis.  
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D.1 Introduction 
 
In previous chapters, the synthesis of α,ω-telechelics was presented, utilising Cu(0)-
mediated RDRP as a synthetic tool. The versatility of the technique was investigated in 
various solvents (e.g. DMSO, IPA, water) wherein the nature of the copper source could be 
adapted, from Cu(0)-wire to a pre-disproportionated [Cu
I
(L)X], yielding Cu(0)-particles and 
[Cu
II
(L)X]X prior to initiator and monomer addition (X an halogen). The successful 
combination of ligand and copper source proved to be of upmost importance for the 
synthesis of well-defined block copolymers, with good tolerance over the monomer 
moieties, i.e. (meth)acrylates, acrylamides with various physical properties (e.g. hydrophilic, 
hydrophobic, stimuli-responsive and zwitterionic). However, the commercial applications of 
such materials have not been clearly assessed, despite the wide range of macromolecules 
available. Indeed, the industrial relevance of telechelic materials in Lubrizol ® products 
gives an extensive background to develop novel materials with tailor-made properties.  
In this appendix, the focus is on specific design of two different types of telechelic materials. 
In a first section the development of high glass transition temperature (Tg) oil-soluble diols 
will be presented, for applications in resistance coatings, by Cu(0)-mediated RDRP and 
RAFT polymerisation. Subsequently, the design of water-soluble polyacrylamides diols will 
be presented in a second section to yield potential novel associative thickeners.  
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D.2 Results and discussions 
 
D.2.1 Synthesis of high Tg poly(acrylate) diols 
 
The high end group fidelity attainable with Cu(0)-mediated RDRP of acrylates utilising 
Cu(0)-wire as a copper source presented in chapter 2 is adapted to monomers which would 
enhance both the Tg and the oil solubility of the copolymer. Firstly, the increase of the Tg is 
assessed through the polymerisation of isobornyl acrylate (IA, Tg
th
~ 94°C). IPA was selected 
as the solvent because of the poor solubility of IA in DMSO. The reaction conditions had to 
be adapted from the one presented in chapter 2 (see section 2.2.2) to [I]:[M]:[Me6-
TREN]:[Cu(0)-wire]:[Cu
II
Br2]= 1: DPn: 0.18: 5 cm: 0.05, 66% v/v monomer in IPA at 25°C 
(scheme D.1). Utilising lower monomer concentration would result in undesired phase 
separation of the polymer associated with a cessation of the polymerisation and poor control 
(gel). 
 
 
Scheme D.1. Homopolymerisation of IA by Cu(0)-mediated RDRP in IPA.  
 
Pleasingly, good control of the polymerisation was attained, as evidenced by high monomer 
conversions (>74% by 
1
H NMR) and narrow MWD (Ð< 1.11, figure D.1). Nevertheless, 
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long reaction time (15 hours) was necessary to yield high monomer conversion whilst only 
low molecular weight (Mn < 5000 g.mol
-1
) could be attained.  
 
Figure D.1. Monitoring the polymerisation of various DPn of IA in IPA at 25°C.  
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Subsequently, IA was copolymerised with oil soluble acrylates, i.e. lauryl acrylate (LA) and 
ethylhexyl acrylate (EHA), under similar conditions. A molecular weight of 3.5 kDa was 
targeted, as requested by the Lubrizol corporation.  
 
Figure D.2. Monitoring the copolymerisation of IA with LA in IPA at 25°C.  
 
Pleasingly, copolymerisation of LA and IA does not affect the control over the 
polymerisation, as seen by quantitative monomer conversion and narrow MWD (figure D.2), 
with a similar level of control observed as for EHA (figure D.3). 
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Figure D.3. Monitoring the copolymerisation of IA with EHA in IPA at 25°C.  
 
Upon complete polymerisation, the polymers were purified by precipitation in cold methanol 
to yield a highly viscous liquid or a powder. Adapting the nature and ratios between co-
monomers resulted in the expected change in the Tg of the resulting homo-telechelic 
polymer, as presented in table D.1. The DSC of the copolymers was conducted in triplicate 
and copolymers containing EHA did not give reproducible analysis. Consequently, the 
resulting Tg are not reported.  
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Table D.1. Tg of α,ω-telechelic poly(acrylates). 
 
Entry Copolymer Mn 
(g.mol
-1
)
a
 
Tg 
(°C)
b
 
1 PIA10 2000 78 
2 PIA20 3200 102 
3 PIA40 4000 116 
4 PIA10-r-PLA5 3500 39 
5 PIA12-r-PLA3 3600 71 
a
 obtained by SEC (CHCl3 eluent) over PMMA standards. 
b
 obtained by DSC (see 
experimental for details). 
 
Although good control over both the polymerisation and the change in Tg observed, the 
halide chain end functionality was not suitable for a use in polyurethane synthesis. Hence, 
α,ω-OH end groups were introduced similarly as in chapter 2 (e.g. via nucleophilic 
substitution with 2-mercaptoethanol or addition of allyl alcohol). Unfortunately, no MALDI-
ToF MS analysis could be provided, due to the poor ionisation of the sample (see section 2.4 
for details). Nevertheless, a copolymer of α,ω-hydroxy telechelic PIA10-r-PLA5 was sent to 
Lubrizol for further tests. 
D.2.2 Synthesis of high Tg poly(methacrylate) diols 
 
Cu(0)-mediated RDRP proved to be a robust tool to mediate the polymerisation of acrylates 
at ambient temperatures, with good chain end fidelity. This tool has been applied for a 
variety of functional monomers and was exploited to introduce reactive chain ends, i.e. 
hydroxyl groups. However, such good control over the polymerisation could not be retained 
for hydrophobic methacrylates. Indeed, only a few reports deal with the synthesis of 
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functional methacrylates. Nevertheless, the polymerisation of n-butyl methacrylate (BMA) 
was attempted, utilising PMDETA as a ligand under previously reported conditions 
([I]:[M]:[PMDETA]:[Cu(0)-wire]:[Cu
II
Br2]= 1: DPn: 0.18: 5 cm: 0.05, 20% v/v monomer in 
DMSO at 25°C). Noteworthy, a phase separation of the polymer from the catalyst phase was 
observed, similarly as PBA (section 2.2). 
 
Figure D.4. Monitoring the chain extension of PBMA in DMSO at 25°C by SEC 
(CHCl3 eluent).  
 
Although high monomer conversion could be attained in 2 hours (> 91 % by 
1
H NMR), 
broader MWD were observed in SEC (Ð~ 1.4-1.5, figure D.4.) as compared to the 
polyacrylate analogue (see section 2.2), which could be due to a poorer control and/or low 
initiator efficiency. The halide end group fidelity was indirectly tested by in situ addition of 
a deoxygenated aliquot of BMA. Pleasingly, a shift towards higher MWD is observed in 
SEC, suggesting the presence of the α,ω-Br ends. However, a slight increase in dispersity 
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values, in addition to the presence of residual tailing at low MW suggests a loss of reactive 
chain ends, which would be detrimental for further uses. Unfortunately, the presence of 
halide chain ends could not be confirmed by MALDI-ToF MS due to the poor ionisation of 
the polymer. It appears that Cu(0)-mediated RDRP is not suitable for the polymerisation of 
hydrophobic methacrylates under those conditions, as the end group fidelity is dramatically 
affected.  
Consequently, it was decided to utilise a synthetic route more suitable for the polymerisation 
of methacrylates, whilst retaining good α,ω-chain ends functionality. The use of CCTP (see 
section 1.2.2.) has proved to be of importance to yield oligo(methacrylates) with an ω-
unsaturated double bond. Such macromonomers can be employed as (macro)CTAs for the 
polymerisation of methacrylates by RAFT polymerisation (section 1.3.3.4). Herein, HEMA-
dimer is synthesised by CCTP in bulk, in order to yield α,ω-hydroxyl telechelic 
poly(methacrylates).  
HEMA was polymerised under with high concentration of the CTA, cobalt(II) cobaloxime 
(CoBF) to preferentially yield dimer and trimer (scheme D.2). 
 
Scheme D.2. Synthesis of HEMA-dimer by CCTP.  
 
Subsequently, the mixture was distilled under reduced pressure (150°C, 0.1 mbar) to yield a 
pure HEMA-dimer, as evidenced by NMR (figure D.5.).  
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Figure D.5. 
1
H NMR (400 MHz, CDCl3) and 
13
C NMR (100 MHz, CDCl3) of purified 
HEMA-Dimer.  
 
Subsequently, HEMA-dimer was utilised as a CTA to mediate the polymerisation of MMA 
in MEK, utilising VA-086 as the radical source (scheme D.3). A hydroxyl containing 
initiator is preferred in order to maximise the yield of diols.  
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Scheme D.3. Polymerisation of methacrylates with HEMA-dimer as chain transfer 
agent.  
 
The polymerisation of MMA was first attempted as a model monomer. The conditions 
employed followed previous reports, with [I]:[M]:[HEMA-Dimer]= 0.02: 1: 3, 50 % w/w in 
MEK at 80°C for 92 hours, thus targeting a polymer of Mn~ 5000 kDa. The resulting 
polymer was then precipitated in cold methanol to yield a white powder, which was further 
analysed by NMR and SEC (figure D.6).  
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Figure D.6. Monitoring the polymerisation of MMA utilising HEMA-dimer as a CTA, 
by 
1
H NMR (400 MHz, CDCl3) and SEC (DMF eluent). 
 
NMR analysis of the resulting polymer reveals the presence of hydroxyl groups on both ends 
of the polymer chain. Consequently, similar conditions were employed to polymerise IMA, 
yielding a polymer with slightly higher molecular weight.  
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Figure D.7. Monitoring the polymerisation of IMA utilising HEMA-dimer as a CTA, 
by 
1
H NMR (400 MHz, CDCl3) and SEC (DMF eluent). 
 
Unfortunately, the control over the polymerisation could not be retained as opposed to 
MMA. Although the presence of hydroxyl ends is evidenced by NMR, the yield of diols is 
not clear (figure D.7). Nevertheless, the versatility of the synthetic tool was tested towards a 
hydrophobic, oil soluble, high Tg polymer, PIMA-r-PLMA (scheme D.4).  
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Scheme D.4. Synthesis of PIMA-r-PLMA utilising HEMA-dimer as a CTA.  
 
Unfortunately, low monomer conversion (50 %) gave rise to a lower MW copolymer 
containing IMA and LMA (figure D.8), wherein identical conditions were followed, 
[I]:[IMA]:[LMA]:[HEMA-dimer]= 0.02: 1: 1: 3, 50% w/w in MEK at 80°C.  
 
Figure D.8. Monitoring the copolymerisation of IMA and LMA utilising HEMA-dimer 
as a CTA, by SEC (DMF eluent). 
 
In this section, we assessed the synthesis of high Tg diols by RDRP techniques. The 
synthesis of IA-containing diols proved to be accessible via a Cu(0)-mediated route, with 
good retention of the halide chain ends. However, the synthesis of higher Tg polymers, 
utilising methacrylate monomers did not show similar success. Consequently, RAFT 
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polymerisation was conducted, utilising a HEMA-dimer CTA, thus yielding to macro-diols 
with the targeted properties. Nevertheless, in order to demonstrate that PIMA could be 
utilised in a polyurethane formulation, a similar MW was targeted for a ω-hydroxyl 
polymer. Indeed, IMA was polymerised by CCTP in MEK, which was subsequently reacted 
with 2-mercapto ethanol to yield the targeted polymer. The reaction was monitored by NMR 
and SEC (figure D.9). 
 
 
Figure D.9. Monitoring the synthesis and functionalisation of PIMA by CCTP, by 
1
H 
NMR (400 MHz, CDCl3, top) and SEC (DMF eluent, bottom). 
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Pleasingly, the presence of hydroxyl groups on the ω-end of the PIMA is evidenced by 
NMR, with appearance of –CH2 peaks at 2.5-4 ppm. Such polymer was further sent to 
Lubrizol for testing as a “high Tg end-capping polymer” for a polyurethane formulation.  
D.2.2.1 Perspectives 
 
The polymerisation of high Tg acrylates and methacrylates has been carried out by Cu(0)-
mediated RDRP, as well as sulphur-free RAFT polymerisation utilising an HEMA-dimer. 
However the yield of α,ω-hydroxyl telechelics is not always clear, and the synthesis could 
be improved. In this section, the main objective is to provide perspectives and guidelines 
towards an improved synthesis of such materials. For the use of Cu(0)-mediated RDRP, the 
focus should be in improving the reaction conditions (ligand and Cu
II
Br2 concentration, 
temperature) in order to improve the solubility of the resulting polymer, whilst retaining 
high chain end fidelity. Subsequently, strategies presented in section 2.2 could be applied. In 
the polymerisation of methacrylates by addition-fragmentation polymerisation in the 
presence of a HEMA-dimer, several points should be addressed. Firstly, the use of a low CT 
CTA would involve an extensive improvement of the synthesis and future work would 
include the determination of the actual CT of such dimer in those conditions, in order to tune 
the [I]/[M] and [CTA]/[M] ratios for an optimised RAFT process.
1, 2
 Secondly, efforts could 
be made to improve the yield of CTA upon polymerisation and purification via distillation. 
Finally, the design of functional polyurethanes should be tested, employing the discussed 
α,ω-hydroxyl telechelics.  
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D.2.3 Towards acrylamide-based associative thickeners 
 
The use of PEG-based hydrophobically modified ethoxylated urethanes (HEUR) associative 
thickeners, wherein a α,ω-hydroxyl PEG, a diisocyanate linker and a hydrophobic alcohol 
are reacted in order to self-assemble, proved to be of importance for the rheological 
behaviour of waterbone coatings and personal care formulations.
3-7
  
  
Appendix D. Towards functional materials; building telechelic polymers in an 
industrially relevant context  
 
 
 
Alexandre Simula 226 
 
 
 
Figure D.10. Self-assembly pathway of HEUR associative thickeners (top) and typical 
rheological behaviour (bottom), adapted from Glass.
8
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In this section, the focus is on the conducted attempts to (partially) replace the dihydroxyl 
PEG, with a poly(acrylamide) based diol synthesised in chapter 3. Firstly, the synthesis of 
such HEUR was assessed utilising two different sizes of PEG, Mn~ 3000 Da and Mn~ 4400 
Da, with hexadecanol as an end-capping alcohol and hexamethylene diisocyanate (HDI) as 
the linker, with ratios provided by Lubrizol.  
 
Scheme D.5. Synthesis of PEG-based HEURs.  
 
The mixture of alcohol and PEG was azeotropically distilled in toluene, in order to remove 
residual water, before addition of HDI and tin catalyst. Upon complete disappearance of the 
hydroxyl ends (typically 3 hours), the polymer was precipitated in cold petroleum ether to 
yield a dry powder for SEC analysis (figure D.11).  
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Figure D.11. Monitoring the synthesis of PEG based (av Mn=3000 g.mol
-1
) HEUR by 
SEC (DMF eluent).  
 
Similar MWD was observed for the PEG with av. Mn=4400 g.mol
-1
. Subsequently, the 
polymers we solubilised at 2 wt. % in deionised water for rheology. The selected geometry 
was a cone/plate (2 rad/ 6 cm diameter), at 0.03 mm distance and at a shear rate ranging 
from 0.1 to 1000 s
-1
 (figure D.12).  
 
Figure D.12. Rheological behaviour of PEG-based HEUR; cone/plate (2 rad/ 6 cm 
diameter), at 0.03 mm distance and at a shear rate ranging from 0.1 to 1000 s
-1
. 
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Although the measured viscosity in the Newtonian regime is lower than expected (probably 
due to the low molecular weight of the polyurethane), the shear-thinning regime at high 
shear rates is evident in the rheological response (figure D.12), suggesting a successful 
formation of HEUR thickeners.  
The synthesis of poly(acrylamide) based HEUR was then attempted, following a similar 
synthetic route. However, the difference in reactivity between a secondary hydroxyl group 
(at the α,ω-end of the polymer) and the primary hydroxyls (at the α-end of the hexadecanol) 
towards isocyanates implies a modification in the order of addition before polycondensation 
(scheme D.6).  
 
Scheme D.6. Synthesis of poly(acrylamide) based HEUR.  
The solution of PNIPAAm diol (Mn=3500 g.mol
-1
) in toluene was azeotropically distilled 
before addition of HDI and tin catalyst. After 2 hours of reaction, a pre-distilled solution of 
hexadecanol in toluene was added and the mixture reacted for an extra 5 hours. 
Unfortunately the polymer product had a lower MW than expected, as evidenced by SEC 
(figure D.13). 
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Figure D.13. Monitoring the synthesis of PNIPAAm based (av Mn=3000 g.mol
-1
) 
HEUR by SEC (DMF eluent). 
 
This poor control over the polycondensation step could be due to a water contamination of 
the dried PNIPAAm diol, a poorer reactivity of the secondary α,ω-hydroxyl ends and/or an 
underestimated hydroxyl chain end fidelity. The low MW of the final polymer was 
detrimental for the expected rheological behaviour of a 2 wt. % in DI water. Indeed, a 
Newtonian behaviour was observed within the range of tested shear rates.  
Consequently, numerous effort were conducted in order to improve the synthesis of a 
poly(acrylamide) containing polyurethane, first by extensive drying of the solution, then by 
changing the ratios of [diol]:[diisocyanate] from 8:9 to 8:10 without any significant change 
in the resulting MW. Subsequently, a PDMA diol of similar MW (Mn~ 3500 g.mol
-1
) was 
employed as the building telechelic, though no significant change in MW upon 
polycondensation.  
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D.2.3.1 Perspectives 
 
The design of poly(acrylamide) based associative thickeners is extremely interesting for the 
development of novel shear thinning polyurethanes. Hence, the current investigations merit 
further investigations towards this end. Future work could include the optimisation of the 
ratios between dissocyanate and diol in order to yield a high MW polymer. Moreover, the 
use of a more hydrophobic end-capping alcohol could improve the self-assembly of low 
MW polyurethanes. Finally, changing the properties (e.g. stimuli-responsive behaviour) of 
the macrodiol could yield to highly sophisticated polyurethanes.  
D.3 Experimental 
 
D.3.1 Materials 
 
Previously used compounds can be found in previous sections. All monomers employed 
were purchased from Sigma-Aldrich at the highest available grade, passed through basic 
alumina column and kept refrigerated. Hexamethylene diisocyanate (97%, Fisher Scientific) 
and 1-hexadecanol (98%, Sigma-Aldrich) were used as received without further purification. 
Cobalt(II) cobaloxime (CoBF) was synthesised according to a reported procedure.
9
 2,2’-
Azobis(2-methyproprionitrile) (AIBN, 98%) was purchased from Sigma-Aldrich and 2,2'-
azobis[2-methyl-N-(2-hydroxyethyl)propionamide] (VA-086) was purchased from Wako 
and used without further purification.  
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D.3.2 Characterisation 
 
1
H, 
13
C NMR spectra were recorded on Bruker ACF-250, DPX-300, DPX-400 and DPX-500 
spectrometers using deuterated solvents obtained from Sigma-Aldrich.  
DMF SEC traces were obtained on a Varian 390-LC system using a DMF (+ 5 mM 
NH4BH4) eluent at 50°C, equipped with refractive index and UV detectors, 2 × PLgel 5 mm 
mixed D columns (300 × 7.5 mm), 1 × PLgel 5 mm guard column (50 × 7.5 mm) and 
autosampler. Narrow linear poly(methyl methacrylate) standards in range of 200 to 1.0 × 10
6
 
g·mol
-1
 were used to calibrate the system. All samples were passed through 0.45 µm PTFE 
filter before analysis. 
Differential scanning calorimetry (DSC) was conducted on a Mettler Toledo DSC1-400 
whereby three cycles using a temperature grade from -50°C to 150°C at 10°C/min were 
applied.  
Rheology was conducted on a TA Instruments AR G2 Rheometer at 25°C, using a 
cone/plate (2 rad/ 6 cm diameter) geometry, at 0.03 mm distance and at a shear rate ranging 
from 0.1 to 1000 s
-1
, in triplicate.  
D.3.3 Synthesis of high Tg poly(acrylates) 
 
Refer to section 2.4 and 4.4 for details.  
D.3.4 Synthesis of HEMA-dimer 
 
In a 500 mL RB flask was added HEMA (150 mL) and MEK (150 mL). The solution was 
deoxygenated with nitrogen for at least 30 minutes before adding CoBF (100 mg) and AIBN 
Appendix D. Towards functional materials; building telechelic polymers in an 
industrially relevant context  
 
 
 
Alexandre Simula 233 
 
(500 mg) under a nitrogen blanket. The solution was deoxygenated for an extra 30 minutes 
before heating at 60°C for 48 hours. Subsequently BHT (~50-100 mg) was added to the 
solution and MEK was removed by rotary evaporation. HEMA-dimer was then collected by 
vacuum distillation (150°C, 0.1 mbar), as the 3
rd
 fraction (1
st
, residual MEK; 2
nd
 HEMA, 35-
140°C, 0.1 mbar) as a viscous colourless liquid and kept under nitrogen at -10°C.  
D.3.5 Synthesis of high Tg poly(methacrylates) by RAFT 
 
This generic procedure for MMA can be applied for other monomers. 
HEMA-Dimer (2.2 g, 3 eq.) was added to a Schlenk tube, along with MMA (0.53 mL, 4.9 
mmol, 1 eq.), VA-086 (28.8 mg, [I]/[M]= 2%) and MEK (3 mL, 50 % w/w). The solution 
was deoxygenated for 15 minutes with nitrogen and placed in an oil bath at 80°C for over 48 
hours. Subsequently, the polymer was precipitated in cold methanol to yield a white powder.  
D.3.6 Synthesis of HEUR associative thickeners 
 
This procedure can be adapted to any HEUR synthesis presented. 
In a 250 RB flask was added PEG (av. Mn= 3300 g.mol
-1
, 5.27 g, 8 eq.), 1-hexadecanol (0.1 
g, 2 eq.) and toluene (200 mL). The mixture was stirred and azeotropically distilled to 
remove residual water (~ 75 mL). Subsequently, hexamethylene diisocyanate (HDI, 297 μL, 
9 eq.) and dibutyltin dilaureate (3 drops) were added under nitrogen, and the reaction stirred 
at 70°C for 5 hours. The resulting polymer was precipitated in cold petroleum ether to yield 
a white powder.  
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